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Fukushima Nuclear Power Plant accident in March 2011 has caused massive distribution of 
radiocesium through air, water and land. This raised the concern of radiocesium 
contamination in organism and massive evacuation from that area.  Wild yamame which is a 
non-anadromous form of masu salmon (Onchorhynchus masou), it means instead of moving 
to sea for growth and return to the natal river for spawning, yamame remain in their natal in 
the entire life. Wild yamame in that area are living without influence of anthropogenic 
activities and exposed to radiation contamination in their entire life. Little is known about the 
wild population structure of yamame in that particular area after evacuation. Plus the 
radiocesium contamination effect on genetic, progenies and blood characteristics of 
contaminated fish is still undiagnosed.  This study aims to resolve three main questions 
namely,  
1) What is the current population genetic structure of yamame in contaminated area?   
2) Does radiocesium contamination affect the performance of gynogenesis production in 
yamame?  
3) Is there any mutation in next generation caused by radiocesium contamination? 
 
Microsatellite markers, being codominant and  proven to cross amplify in close species were 
used along with mitochondrial marker to elucidate the population genetic structure of  
yamame population from four rivers; Hirose River from Miyagi Prefecture), Mano River, 
Ukedo River and Abukuma River from Fukushima Prefecture. 28 pairs of microsatellite 
primers developed for various salmonid species were screened. 11 pairs of microsatellite 
primers were used in analysis, and 2 mtdna markers (cytb and dloop) were added to support 
the result.  The number of allele per locus ranged from 20 to 1. The expected heterozygosity 
ranged from 0.95 in Oke308 and lowest is 0 in Oke307. These markers, except Oke307 were  
proven to be useful for population genetic structure study in this species. Microsatellite 
markers and mtdna markers showed concordant results in exhibiting genetic diversities and 
population structure of four river populations. Mtnda showed 13 haplotypes in cytb and 9 
haplotypes in dloop. In cytb, haplotypes diversity ranged from 0.75 to 0.59 with highest 
nucleotide number in Hirose (6) and lowest in Abukuma (3), while in Dloop from haplotypes 
diversity ranged from 0.74 to 0.63 with highest in Hirose (5) and lowest in Mano (3). In cytb, 
nucleotide diversity calculated (π) ranged from 0.003 to 0.002 while in dloop ranged from 
  
0.001 to 0.003. Population differentiation showed clear separation of Hirose river population 
from other rivers. Mano River, Ukedo River and Abukuma River showed no clear separation 
from each other. This might be due to sampling approach that concluded samples from many 
river branches as one population. Masu salmon has showed clear population structuring 
within rivers in previous study.  
 
Mitotic gynogenesis is a process in producing homozygous diploid progenies with inherited 
genetic material from maternal parent. Gynogenesis is proven useful in reducing number of 
generation to produce clone. Lethal defect due to radiation will not pass down to next 
generation because the individual carrying this genotype will not survive in early 
development. Only non-lethal defect will be carried in mitotic gynogen and can be examined.  
In this study, mitotic gynogenesis performance of wild yamame exposed to radiation was 
compared with meiotic gynogenesis performance of captive stock from Fukushima Inland 
Fisheries. Putative gynogen were verified using four microsatellite markers. The offsprings 
genetic level were verified using four microsatellite markers. Survival rate (hatching rate), 
and swim-up rate were measured in both population. Mean value of hatching rate, swim-up 
rate and normal rate ranging from 6% - 53 % , 2%-8% and 3%-9% respectively. Analysis of 
variance (ANOVA) in mitotic gynogen showed significant difference (p<0.05) between 
Intact Control and other groups, whereas no significant difference between other groups. In 
meiotic gynogen, analysis of variance showed no significant difference between control and 
treatment. In meiotic gynogen, analysis of variance showed no significant difference between 
control and treatment. Microsatellite verification showed all mitotic gynogens receive alleles 
from maternal, while in control, some showed mutant microsatellite possibly derived from 
wild paternal parent. 
 
Mitochondrial DNA (mtDNA) of mitotic gynogen masu salmon were examine to identify 
possible mutation. The mitotic gynogens were derived from wild parent (Mano River) which 
live in contaminated area in Fukushima prefecture and captive parent (double haploid) which 
bred in Fukushima Inland Fisheries Station. By utilising two loci cytochrome b (Cyt B) and 
D-loop in mtDNA, we analyse the DNA sequence of every gynogen to observe any mutation 
occur and estimate the mutation rate for that group. 24 mitotic gynogen eggs and 50 control 
larvae from each two maternal wild parent (m5,m6) and 50 meiotic gynogen larvae each 
derived from two maternal captive parent (PF9,PF23) were used in this study.  Forward and 
  
reverse sequence obtained were recorded in 3500XL Genetix and aligned using MEGA  v6. 
In this study, polymorphic sites are treated as mutation site. Mutation rate estimation were 
calculate following Haag-Liautard et al.,(2008). Direct sequencing of cytb region from these 
four families (M5,M6, PF9,PF23) disclose 3 point mutations in M5 and M6 families and no 
mutation observed in PF9 and PF23. All mutation in M5 family is from mitotic gynogen eggs, 
whereas in M6, both larvae and eggs show point mutation. In dloop, sequences 671 
nucleotides from 46 samples (M5 family) and 34 samples (M6) family has been used.  
Mutation has been observed in mitotic gynogen eggs of M5 at base 299 and base 624 whilst 
in M6, no mutation observed. All samples from PF9 and PF23 showed neither variation nor 
mutation. The point mutation caused amino acid substitution (ie Ala > Thr) or just 
synonymous mutation. The overall mutation rate estimation is high in Cytb compared to D-
loop and many mutations occurred in M5 family than in M6. Point mutation or single-
nucleotide mutations showed synonymous in base 324 of Cytb while the other non-
synonymous. However, since no observation of morphology and phenotype in larvae was 
done, no strong evidence to expect that radiocesium contamination in eggs caused 
morphological changes in yamame offsprings. 
 
The need to understanding effect of radiocesium contamination in blood characteristics is 
important because it considered as suitable indicator of health condition in vertebra. Blood 
exhibits signs of alteration in its properties if any stress occurred. Contamination of heavy 
metal in water system caused reducing erythrocytes performance and viability. The 
haematological analysis of yamame  from control showed significantly higher numbers of 
haemoglobin (HGB), haematocrit (HCT) and mean corpuscular volume (MCV) in 
comparison to yamame treated with 50 000bq/kg  (p<0.05).  However the values of 
erythrocytes, mean corpuscular haemoglobin (MCH) and mean corpuscular hemoglobin 
concentration  (MCHC) were not significant between two groups. Decrease in hemoglobin 
may result from high concentrations of radiocesium. Although red blood cell (RBC) content 
showed no significant changes, the values of HCT and MCV were low. Although RBC is not 
affected, significant lower number of hemoglobin reduce the effectiveness oxygen transport 
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CHAPTER 1 GENERAL INTRODUCTION 
 




 of March 2011, a great earthquake with 9.0 Rither`s scale in East Coast of Honshu 
Island of Japan. It caused a huge tsunami in Sendai and breakdown of cooling system for 
Nuclear Power Plant (FNPP) in Fukushima. The breakdown caused three NPP in Fukushima 
failed and explode, causing a massive released of radionuclides into terrestrial, marine 
environment and atmosphere. This creates a huge concern around the world about how far the 
radionuclides will travel around the world and biological influences on living organisms. It 
also increases uneasiness among people about long-term effect of radionuclides on 
ecosystems and effect on next generations. Precise information on what occurred and on what 
is still ongoing is yet to be investigating (Brumfiel G, 2011). The collapse of the FNPP 
caused a massive release of radioactive materials to the environment (Honda et al., 2013; 
Kumamoto et al., 2015; Masson et al., 2016). Thus, posed various potential threats to 
ecosystem and living organism (Shigenobu et al., 2014; Tateda et al., 2015). This may have 
effect on organism`s genetic structure and ecosystem. More importantly, the radionuclides 
will deposit in organisms` body and transmitted thorough the food chain.  
 
Little information about the effect of low and long period expose of radioactive materials, 
such as Cs-137, on choromosome structure, gametes, molecular structure, DNA sequences 
and the effects on embryo and gonadal development. Thus, a prompt and reliable system for 
evaluating the biological impacts of this accident on should be constructed. Effect of 
radioactive materials can be monitored by studying the genetic changes in living organism.  
 
1.2 Radiocesium and mutation in organisms 
 
Radionuclides often referred as radioactive isotopes or radioisotope. They are atoms with 
unstable nucleus that exist naturally or produced artificially for certain purposes. Due to the 
instability, they undergo radioactive decay process to attain stability. Radioactive decay is a 
natural process where an unstable nucleus of a radioisotope spontaneously transforms itself 
into another (decaying process), releasing dangerous high energy emissions. The radioisotope 
will emits gamma ray (γ) and/or alpha (α) or beta (β) particles.  
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Alpha particle consists of a pair of neutrons and a pair of protons. The emission of α particle 
reduces two units in atomic number and four units in mass number of that particular 
radioisotope. This particles bear two positive charge and cannot penetrate deep into skin, but 
may be carcinogenic and caused DNA damaged once inhale into respiratory system. In 
comparison, β particle carrying one negative charge and its emission increase one atomic 
number but maintain the mass number of that radioisotope. Beta particles able to penetrate 
few millimeters of living bone or tissue, but about 0.5 cm of lead can stop the particles. Yet, 
direct contact with β particle might be mutagenic and cause chromosomal aberration 
(Asaithamby and Chen, 2011; de Oliveira et al., 2001). Gamma radiation does not have 
neither charge nor emit particles.  It emits energy thus the radioisotope did not lose its atomic 
and mass number. The γ-radiation presents high penetration power, low chemical reactivity, 
and a negligible effect of increasing temperature on the irradiated material.  
 
Over the time, the amount of radioactive material will decreases due to nuclei decay. Rates of 
nuclear decay of a radioisotope are measured by their Half-life (T 1/2). Half-life provides 
information to estimate the time required for a radioactive to reduce into half of its original 
value. Half-life value can be measured using gamma spectrometry or liquid scintillation 
counting techniques (Pommé et al., 2011; Voltaggio and Spadoni, 2011). Radioisotope of 
cesium, 137-Cs possesses half-life of 30 years. During its half –life process, it will emit 
gamma ray and beta particles (Yoshihara et al., 2013). In addition, exposure to high dose of 
radiocesium is clastogenic to human chromosome, increase mutation rate and can be 
transmitted to next generation (da Cruz et al., 2008; Kamiguchi and Tateno, 2002).  
 
Large quantities of radiocesium released during March-April 2011 to the atmoshphere and 
ocean due to FNPP accident.  Radiocesium travels thorough air and sea, thus contaminated 
most aquatic organisms in vast area (Honda et al., 2013; Povinec et al., 2013; Zalewska and 
Suplińska, 2013). There are strong evidence that radiocesium in rainwater adsorbed into 
groundwater, paddy fields and water purification plants (Kosaka et al., 2012; Yang et al., 
2016).  The contamination of radiocesium may remain in forest canopies, vegetative litter and 
in soil. It can be transported into dam and water reservoir during rainfall. Both forest 
canopies and water reservoir can act as long-term radiocesium storages. Theses dams provide 
water to region including hundreds of smaller irrigation and farm dams (Evrard et al., 2015; 
Iwagami et al., 2015).  
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The primary concern is exposure to human through inhalation and ingestion which may lead 
to thyroid cancer. Monitoring of internal radiocesium intake in Fukushima residents showed 
that senior resident that showed high cesium concentration used to consume items for which 
contamination advisories have been issued such as wild mushrooms, wild boar, fresh-water 
fish, which they harvested or caught themselves, or received from neighbors, but which were 
not tested for radioactive cesium (Hayano et al., 2013).  
 
In river, the occurrence of radiocesium has been traced for three years starting from 2012 
until 2015 (Murakami et al., 2016).  As fish are major source of protein, it‟s potential to be 
carrier of radiocesium from aquatic environment to humans. Radiocesium in 16 freshwater 
fishes in Fukushima prefecture showed persistent contamination in rivers and lakes(Wada et 
al., 2016). Contamination of radiocesium in freshwater fishes is from radiocesium in soil and 
mainly from food chain (Figure 1.1). the present study has suggested that the accumulation of 













1.3 Masu Salmon 
 
Masu salmon (Oncorhynchus masou) is widely distributed in Japan, Russia and Korea is 
belonged to family Salmonidae under genus Onchorhynchus. Salmonids from this Family are 
separated into four genera, Hucho, Salvelinus, Salmo and Oncorhynchus . They are 
distributed in Northwest Pacific, mainly Sea of Okhotsk and Sea of Japan
 
(Kitanishi et al., 
2012b; Ohkuma et al., 2000; Tanaka, 1963). They also occur on the Pacific Ocean side of 
Japan from Hokkaido to Chiba Prefecture (Machidori and Kato, 1984).  There are two forms 
of masu salmon, the anadromus and non-anadromous (fluviatile) form. The anadromous 
masu are known as “sakura masu” are found in coastal area of western Honsu, southeast 
Korea, western Kamchatka Peninsula and southern Sakhalin. On the other hand, their 
fluviatile forms were called “yamame” which mainly runs into small and large rivers in 
Northen Honshu, Hokkaido and Western Kamchatka (Gruzdeva et al., 2013; Tanaka, 1963). 
Smoltification in anadromous masu salmon normally varied ranging from 1 to 2 years before 
they migrate into sea become adults.  
 
It is an important species in commercial fisheries industry of Japan. Apart, the species also 
plays role in sport fisheries, social value and important in river ecosystems (Miyakoshi et al., 
2004, 2001). As they are known for their migratory behavior and importance in aquaculture, 
a lot of studies has been done since 1960s (Arai et al., 1979; Machidori and Kato, 1984; 
Munakata, 2012). During juvenile stage, masu salmon inhabit rivers prior migrating to sea 
after smoltification. However, some did not migrate and live continuously in their natal rivers 
throughout their lifespan. As bounded to their natal river, they also exposed to radionuclides 
from Fukushima Daichii explosion that travel through water and can be potential carrier to 




1.4 Gynogenesis  
 
Gynogenesis is one of several chromosome-manipulating techniques mostly used in 
aquaculture. It is a process where cell division is suppressed to increase the ploidy level in an 
organism. This technique has been introduced circa 1970s and gaining popularity two 
centuries later (Arai et al., 1979; T Refstie et al., 1982). Ploidy manipulation techniques were 
utilized to attain production of all-single sex generation, to increase hybrid survival, fast 
production of inbred lines (Samonte-Padilla et al., 2011).  
 
Gynogenesis can be attained by two approaches. One is retention of second polarbody from 
extruding during second meiosis phase, called meiotic gynogenesis (Ghigliotti et al., 2011; 
Peruzzi and Chatain, 2000). Another one is inhibition of first mitotic division and known as 
mitotic gynogenesis (Komen and Thorgaard, 2007; Linhart et al., 1986; Thompson and 
Purdom, 1986).The eggs were inseminated by UV-irradiated sperm that sterilized the sperm. 
Thus, the sperm only facilitate in igniting the second meiosis phase yet it did not contribute 
any genetic material. This will produce all-female that resembles maternal parent.  
Gynogenesis helps us in production of all-female populations  (Terje Refstie et al., 1982), 
inbred-lines  (Thompson, 1983) construction of genetic maps and evaluating interaction 
between environment and genetic of certain traits. In this study, fish produced by 
gynogenesis were observed at genetic level to identify any genetic changes occur after 
exposure to radioactive materials.  
 
One of the results from gynogenesis is production of clonal lines in fish. Clonal lines have 
high inbreeding coefficient and zero genetic variance(Taniguchi et al., 1996). With zero 
genetic variances, all variance observed clonal lines are from environmental variation. This 
gives advantage in assessing the environmental effect on physiological changes without 
interference of genetic effect and epistasis effect. In molecular, clonal lines give favour for 
genetic mapping and genome sequencing which require homozygosity (Komen and 
Thorgaard, 2007). In this study, clonal lines are utilised to identify the effect of radiocesium 




1.5 Molecular Markers  
 
Microsatellites are also known as Short Tandem Repeats (STRs), Simple Sequence Repeat 
(SSR) and Variable Number of Tandem Repeat (VNTR), can be defined as a short sequences 
on nucleotides that repeated in tandem and have tendency to occur in non-coding DNA. It can 
be the repeat of dinucleotide, trinucleotide, tetranucleotide or pentanucleotide sequences. The 
microsatellites are typically ranging from ten to hundreds of base pairs and embedded within 
unique sequences. If the sequences flanking the microsatellite region can be identified, the 
primer can be synthesized complementary to the sequences so that the microsatellite region 
can be amplified. Moreover, microsatellite primers developed for one species frequently 
amplify loci in other species, enabling to do cross-species amplification using the similar 
markers. Microsatellite markers has been developed and proven to be able to cross-amplified 
has in many aquatic species (Castro et al., 2006; Le Port et al., 2016) SSR are highly 
abundant in eukaryotic genome, helping them to be suitable genetic markers for animal and 
plant genetic study. The codominant and Mendelian inheritance pattern enables microsatellite 
markers to be very informative. These characteristics, made this marker suitable for various 
study involving molecular techniques and data. Utilization of this marker in animal genetic 
study is extensive. It was used to reveal the phylogenetic relationship, estimating migration 
rates and gene flow between populations, conservation management and stock management.  
 
Utilization of microsatellite markers in cross-species amplification has raised a new concern 
about its reliability and effectiveness (Yue et al., 2010). Previous study showed that i) rate of 
success cross-amplification in non-orthologous loci success are and ii) appearance of size 
homoplasy,  are locus dependent and  do not  reflect phylogenetic relationship. This resulted 
to obvious complications in phylogenetic interference, population genetic and evolutionary 
studies. Sequence analysis of cross-amplification products are proposed prior to application 
of cross-amplification of microsatellites (Chapter 2).   
 
Mitochondrial DNA (mtDNA) of animal relatively tends to be small compared to plant and 
algae. The mutation rate of mtDNA is relatively higher than nuclear genome, and the control 
region is particularly hypervariable, enabling the study of evolution. Since this region is the 
major site of cellular respiratory metabolism and source of maternal effect, many studies has 
been done using mtDNA for parentage study (Nakadate et al., 2011). Mitochondrial DNAs 
8 
 
are maternally inherited, which mean haplotypes in all F1 generation are similar and inherited 
from maternal parent with due no mutation occurs. Mitochondrial DNA markers are good 





Objectives of this study as listed below :    
1) To determine genetic diversities and structure of Onchorhynchus masou in Fukushima 
Prefecture Rivers using microsatellite markers and mitochondrial DNA markers. 
2) To produce gynogen masu salmon using wild parent obtained from Mano River and 
verify using microsatellite markers. 
3) To compare mitochondrial DNA structure of Clones (PF9 and PF23 family) and 
Gynogens from Wild Parent (M5 and M6 family). 
4) To determine changes red blood cell parameters of O. masou  fed with 50 000Bq/kg 
of Cs-137 for 1 month, 2 months and 3 months. 
 
The information gathered will be valuable for environmental assessment of effect from 
radioactive materials. This will give us glimpse of how it caused physiological damage on the 
genetic structure and eggs survivality in aquatic organisms. The study can also be used as a 
reference in comparing with other species and provide a clear effect of radioactive materials 
to aquatic organism.    
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CHAPTER 2 CROSS-SPECIES AMPLIFICATION IN FISHES: A STUDY ON 




Catfish are an important fishery resource both as a source of income and an alternative 
protein for most Southeast Asian nations (Khan et al., 1993; Sang et al., 2009; Senanan et al., 
2004). Indeed, in the most recent accounting, catfish species made up for 67 % of total 
freshwater aquaculture production in Malaysia (DOF, 2009). Catfish have also been used as 
an animal model in reproductive, physiological and genetic studies. Species from three major 
families namely, Bagriidae, Clariidae and Pangasiidae, are of particular commercial 
importance and widely cultured in Southeast Asia. The study of genetics has been of major 
importance for the aid aquaculture sector and assist conservation programme.  
 
Microsatellite DNA markers are short tandem repeat motifs with high levels of 
polymorphism
 
(Ma et al., 2011; Xu et al., 2010) and are distributed in both coding and non-
coding regions (Zhang et al., 2004). These markers have been a subject of great interest due 
to their co-dominant characteristics, which make them more informative than dominant 
markers such as RAPD and AFLP. In aquaculture, microsatellites have become one of the 
most useful molecular markers in fish population studies and have supplemented 
conventional markers such as allozymes and mitochondrial DNA that show totally low 
overall levels of variation (Burtke et al., 1991) 
 
Microsatellite markers also show high allelic variation that makes them effective as markers 
in many genetic studies. Microsatellite markers are widely applied in studies on population 
genetic structures and genetic diversity of species. However, the development of 
microsatellite markers is very time- consuming and labor-intensive. As a potential alternative, 
some microsatellite markers have been shown to be conserved within related taxa (Rico et al., 
1996; Scribner et al., 1996). Through cross-species amplification, microsatellite markers 
developed for source species can be amplified in target species (Dubut et al., 2010; Zheng et 
al., 1995). Cross-species amplification in catfish species has been tested by many researchers, 
and has led to the identification of polymorphic microsatellite loci in target species (Hogan 





Since catfish have various species belong in the similar Family, enable this fish become a 
model in study on application of cross-species amplification. Microsatellite markers have 
been developed in several species of catfishes, and applied on other catfishes and other fishes 
to test their reliability (Chan et al., 2005a, 2005b; Yue et al., 2003). In the present study, we 
examined cross-species amplification of primers developed for the river catfish H. nemurus 
in 6 catfish species collected in Malaysia. The objective is to identify the reliability of 





2.3  Materials and Method 
2.3.1 Fish Samples  
 
A total of 210 samples of 6 catfish species were collected from 7 locations in Peninsular 
Malaysia. Fresh samples were identified based on previous study
16
, labelled, and immediately 
frozen at -20℃ in order to preserve their condition.   Details of each sample are represented at 
Table 2.1. 
 
2.3.2 DNA Extraction and PCR condition 
 
The muscle tissues were taken from fresh samples for the DNA extraction process. The DNA 
extraction was performed using commercial Promega® Wizard Genomic DNA Purification 
Kit. DNA quantification was performed and DNA maintained at a temperature below -20 °C 
until further use. Thirty microsatellite primer pairs developed  (Chan et al., 2005a, 2005b; 
Hoh et al., 2013; Keong et al., 2008) were tested on 7 species in this study.  Each primer 
selected was tested for cross-amplification in every species using Touchdown PCR (Table 
2.2).   The primers and its repeat sequence were represented at Table 2.3. 
 
2.3.3 PCR Amplification and Electrophoresis 
 
PCR touchdown program was performed to screen for primers capable of amplifying the 
selected DNA region. The PCR touchdown program was run at different annealing 
temperatures (60°C-48°C). A 10 µl PCR reaction consisting of 1.5-2.5 mM MgCl2, 0.2 mM 
dNTP, 0.5 µM of the forward and reverse primer, 1X of Buffer, 0.1 unit of Taq Polymerase 
aand 0.1 µl genomic DNA as template. Initially, 3 random samples from each species were 
used during the optimization. The primers that showed positive amplifications were further 
evaluated using larger number of samples. PCR product was resolved by electrophoresis on 
2.5% agarose gels, stained with GelRed™ 3X and viewed under UV and photographed using 
Alpha Imager gel viewing system.   
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2.3.4 DNA Purification and Sequencing 
 
The target PCR product from single individual of each species was excised from the gel and 
purified using GeneJET™ PCR Purification Kit Fermentas, then sent for sequencing 
analysis. DNA sequence obtained for each species was submitted to the online program 
WebSAT (Martin et al., 2009) (http://wsmartins.net/websat/) to identify tandem repeats in 
each sequence. Repeated sequence repeat was considered a microsatellite when the number 





Table 2.1 Sample size of each species used in this study. 
 
Family Species  Sample size Collection 
Date 
Location 
Pangasidae Pangasius pangasius 30 March 2009 Kuala Kangsar, Perak 
Pangasius nasutus 30 June 2010 Perlok, Pahang 
Bagridae   Hemibagrus nemurus 30 March 2009 Tasik Banding,Perak 
Pseudomystus siamensis 30 April 2011 Jelebu, Negeri Sembilan 
Clariidae  Clarias macrocephalus 30 Dis 2008 Maran, Pahang 
Clarias batrachus 30 Jan 2009 Yong Peng , Johor 
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2.3.1 Cross-species Amplification 
 
Forty-three heterologous microsatellite loci were tested on 6 species of freshwater catfish in 
the cross-species amplification experiment. Only 3 (10%) to 6 (20%) primers produced 
successful amplifications in the 6 catfish species. The amplifications were considered 
successful when they produce amplicons in size ranges similar to those in H. nemurus. In the 
species in which the amplification was succeeded the amplicons were observed in all 
individuals. The numbers of alleles for successfully amplified loci were listed in Table 2.4. 
The annealing temperatures (Ta) of successfully amplified primers were listed in Table 2.6.   
 In P. siamensis, 4 primers (MnBP5-2-24b, MnRm7-1, MnSC4-3b and MnRmC8-1) were 
amplified and 3 of them showed polymorphism, with MnSC4-3b being the monomorphic. Six 
loci were amplified in Pangasius pangasius (MnBP5-2-24b, MnRmB1-2, MnRmC8-1, 
MnRm7-1, MnSC4-3b and MnLR2-1-21c) and 3 showed polymorphism (MnRmB1-2, 
MnRm7-1, and MnLR2-1-21C). In P. nasutus, only MnBP5-2-24b and MnRm7-1 produced 
polymorphic bands while MnBP5-2-24b and MnRmC8-1 were monomorphic.  For Clariid 
catfish, 6 loci were amplified in C. batrachus (MnRmC8-1, MnRm7-1, MnSC4-3B, MnLR2-
1-15b, MnLR2-1-17b and MnLR2-2-11), 3 in C. macrocephalus (MnRmC8-1, MnRm7-1, 
and MnSC4-3b) and 5 in C. gariepinus (MnBP5-2-24b, MnRm7-1, MnSC4-3b, MnLR2-1-
15b and MnLR2-2-11). Only the primer for locus MnRm7-1 was amplified in all 7 species.  
 
2.3.2 DNA Sequence of MnRm7-1 in 6 Catfish Species  
 
Locus MnRm7-1 showed amplification in all species thus selected to get the sequence 
information of H. nemurus and other 6 catfish species. The variations in sequence were 
observed and cross-amplified microsatellite motifs were highlighted in different colours in 
Fig 2.1.  
In P. siamensis, the forward flanking regions (10 bases) exhibit high similarity to the source 
sequences. On the other hand, the sequences from the other 5 species were different from that 
of H. nemurus. Most of them seem to have undergone substitutions. In the source species, the 
tandem repeat was CT with 5 repeats. The same repeats were also observed in P. siamensis (4 
repeats), P. nasutus (5 repeats) and C. macrocephalus (5 repeats). For P. pangasius, the 
tandem repeat was TC, and the number of repeats was 8.  A compound simple sequence 
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repeat for locus MnRm7-1 was observed in C. batrachus and C. gariepinus. Table 2.6 lists 
the description of locus MnRm7-1 in each species. 
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Table 2. 3  Information of microsatellite loci of Hemibagrus nemurus used in this study.  
No Locus Primer sequences Expected 
size    
Tandem  repeat Accession 
Number 
Source 
1 MnBP5-1-115b  F: TTTTGCTACTAGAGACTGAC   179 bp (GT )4 AF544042 Hoh et al 2013
19)
 
  R: TAGGCAAAACGTGTACTTG     




 R: TCTCTAAGGCTATCCATCCA     




R: TGTTATCATACACCAGTCAC     
4 MnBP5-2-06b  F: CGTGTCCAGACATGGTTAAT 164 bp   (CAT)2CAC(CAT)8 AY671084 Hoh et al 2013
19)
 
  R: GAGTGGGCGACTTTCAG     





R: TGGTCTGAGCGCTAGAG     





R: GTGGTTTTGAATGTTCTCTG     





R: CAAGTGCAAAGACAGACAGA     





R: TCCTGAACTGCTCAGATTTT     





R: TTCTCTGAGCGAAGAGAG     
10 MnBP5-2-05c  F: TGGATGGATAGCCTTAGAGA  215 bp  (TGGA)2N(AGAC)3 AY207448 Hoh et al 2013
19)
 




Table 2.3  Information of microsatellite loci of Hemibagrus nemurus used in this study. (continued) 
No Locus Primer sequences Expected 
size    
Tandem  repeat Accession 
Number 
Source 




AY804195 Hoh et al 2013
19)
 
  R: CGGGGTTAGAACACACATCC   
12 MnBP5-2-13b F: CCGCTTTTTATTAGTCCTCA 234bp (CTCAT)2 AY804209 Hoh et al 2013
19)
 
  R: CACAGAAACAGGGTTTGAA     
13 MnBP5-2-22a  F: TGTCTGAGCCAGAGAGAGA  365bp (GA)9  AY205998 Hoh et al 2013
19)
 
  R: GTCTCTGATGGTGTTTGCTT     




  R: ATGCGAAATTTGCACAGA        




 R: GTGGCCAGAAAAGTGTAGAA     




 R: GCACAAAATACTGTGCAA     
17 MnBP4-2-08 F: GCCCAGGACACACACACA 183bp (AC)5(TG)7 AY804197   Hoh et al 2013
19)
 
   R: TATGGCTCCCTCACACA     
18 MnRmB1-2  F: TTAGCTGACAGGATGCACTG 160-230 bp  (CAT)6 - Chan et al 2005b
18)
 
  R:GTTCCGTATGATGATGATGATG                  
19 MnRmC8-1  F: TGTGCGCGATGTGTGTGT   280bp  (GT)8 -   Chan et al 2005b
18)
 
  R: GAAACTGCTGGTTTTGTCAGC     
20 MnRm D11-1  F: GATCCCGAAAGAAATTCCA   180-240bp (CT)29 -   Chan et al 2005b
18)
 
   R: GTTAGCGGATAGATAGATAG       
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Table 2.3  Information of microsatellite loci of Hemibagrus nemurus used in this study. (continued) 
No Locus Primer sequences Expected size    Tandem  repeat Accession 
Number 
Source 




 R: GCAGAGTTTGGGTGACATAC      
22 MnSC4-3b  F: GCCAAGGAGCTATGAACTGG  208bp (GAT)6; (TGG)6 - Keong et al 2008
20)
 
  R: GACGCAACTATGTCCACCAC      
23 MnSC3-15b  F: TCCCTTTGTTGGAGTTAGGG    166 bp (GAC)4 - Chan et al 2005b
18)
 
  R: GGAGGAAAAACCACAGAGTC      
24 MnLR2-1-15b  F: TACGGAATCCGAGGTCACTC  206bp (CT)17;(GAATG)2 - Chan et al 2005b
18)
 
  R: AAGCGGGCGGCTCTCTCT   ; (GA)5; (AG)6   
25 MnLR2-1-17b  F: GCAGTTTCCTTCTCTTCACT  132bp (TG)11(AG)12 - Chan et al 2005b
18)
 
  R: GGGGGGCGCGCAACTCTCTC       
26 MnLR2-1-21a  F: GGAAAGGGCGAGGCTCTC   199bp (CT)6 - Chan et al 2005b
18)
 
  R: GTCGAGGGTGAAGAGGGAAG      
27 MnLR2-1-21c  F: GGAAAGGGGAGGCTCTCTCT 177bp (CT)6 - Chan et al 2005b
18)
 
  R: AGCTCAATAAGGTGCCATGC      
28 MnB10-2-17  F: CGGATACGTGTTGCTTTC  248bp (CTTTC)2,(GA)26 - Chan et al 2005b
18)
 
    R: GCTCCTGTGCGCGGCTCT       
29 MnLR2-2-11  F: GGAAGGCGCGAGGCTC 204bp (CT)9(T)9,  - Chan et al 2005b
18)
 
  R: GGGAGAAGGGCCTCTC  (A)8,T(GA)6   
30 MnLR2-1-52a  F: TCCCCTTTTTATTGCCATTC  189bp  (GA)22(T)8 - Chan et al 2005b
18)
 








Species  P. siamensis P. pangasius P. nasutus C. batrachus C. macrocephalus C. gariepinus 
       Locus Number of alleles 
       MnBP5-2-24b 2 1 2 No No  1 
       MnRmB1-2 No  2 No No  No No  
       MnRmC8-1  2 1 1 1 1 No 
       MnRm7-1  2 3 2 2 2 3 
       MnSC4-3B  1 1 No 1 2 2 
       
MnLR2-1-15B  No No No 1 No 1 
       MnLR2-1-17B  No No No 1 No No  
       MnLR2-1-21C  No 3 No No No No  
       MnLR2-2-11  No No No 4 No  2 
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Table 2.5 Description of locus MnRm7-1 DNA sequence in seven species of freshwater catfishes. 
Species 
Size of alleles 
(bp) Repeat motif Type of repeat 
Accession Number 
   
 




    
H. nemurus 174 (CT)5 dinucleotide AB905430    
        
P. siamensis 178 (CT)5 dinucleotide  AB905431    
        
P. pangasius 187 (TC)8 dinucleotide  AB905435    
        
P. nasutus 191 (CT)5 dinucleotide  AB905436     
        
C. batrachus 191 (CTT)5(TC)5 trinucleotide /dinucleotide AB905432    
        
C. macrocephalus 176 (CT)5 dinucleotide AB905434    
        








Table 2.6   Annealing temperature (Ta) of primers in source species and target species. 
Species  H. nemurus P. siamensis P. pangasius P. nasutus C. batrachus C. macrocephalus C. gariepinus 
   
      Locus  Ta (°C) 
 
 
      MnBP5-2-24b 48 Tc Tc 48 - - Tc 
 
 
      MnRmB1-2 55 - 48 - - - - 
 
 
      
MnRmC8-1  
54 
Tc 48 58 48 Tc - 
 
 
      MnRm7-1  48 60 58 60 Tc 58 Tc 
 
 
      
MnSC4-3B  
50 
Tc Tc - Tc Tc Tc 
 
 
      
MnLR2-1-15B  
48 
- - - Tc - Tc 
 
 
      MnLR2-1-17B  48 - - - Tc - - 
 
 
      MnLR2-1-21C  54 - Tc - - - - 
 
 
      MnLR2-2-11  54 - - - Tc - 48 





Primer pairs developed for the river catfish, Hemibagrus nemurus could be successfully 
amplified in the other 6 catfish species selected for this study. Out of the 30 primers selected, 
9 showed promising results. In previous studies, various groups have attempted cross-species 
amplification in freshwater fishes (Ghiasi et al., 2009). These attempts have generally 
involved obtaining amplicons from species closely related to the source species.  To a certain 
extent, the loci that can be amplified in distant taxa, such as between loci in fishes, can also 
be amplified in arthropods. The rate of success in cross-species amplification studies is also 
affected by the method adopted. The most commonly used method is to use the primers 
developed for various source species and to attempt to cross-amplify them in one or two 
target species (Holmen et al., 2009; Munenara et al., 2001). Another method is to diversify 
the target species and test the primer developed from a single source species (Na-Nakorn et 
al., 2006; Yue et al., 2003). In this study, the second method was adopted because the number 
of target species was 6 and the primers developed for the source species had already been 
tested for cross-species amplification in other species (Volckaert et al., 1998). 
 
The rate of successful cross-species amplification is normally predicted based on their 
relatedness in phylogeny (Liu et al., 2011; Ma et al., 2009). Indeed, one theory has suggested 
that the more evolutionarily distant a taxon, the lower the chance of successful amplification 
(Volckaert et al., 1998). A species in the same genus is generally assumed to have a greater 
chance of success. However, our present result did not follow the phylogenetic relationship 
theory. The data obtained herein suggested that the rate of successful cross-species 
amplification is locus specific, and independent of the genetic distance between source 
species and target species. In this study, MnRmB1-2 and MnLR2-1-21C showed no 
amplification in Pseudamystus siamensis belonging to the family as source species but were 
amplified in P. pangasius from the Family Pangasiidae. The same phenomenon was observed 
for the loci MnLR2-1-15b, MnLR2-1-17b and MnLR2-2-11 which were amplified in C. 
batrachus but not in P. siamensis. These loci showed their specificity only when amplified in 
certain species that are relatively distant from the source species. MnSC4-3b showed 
amplifications in 5 of the 6 other catfish species in this study, with the exception being P. 
nasutus, suggesting that the locus is conserved in certain catfish and cyprinid species. 
However, MnLR2-1-17b was not amplified in 5 of the 6 catfish species, with the exception 
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being C. batrachus, suggesting that this locus is species specific. The results in this study 
suggested that the loci developed for H. nemurus are locus specific and conserved among 
various species without regard to genetic relationship with source species. The length of the 
primers and the degree of conservation in that particular locus appear to have a minimal 
effect on the probability of amplification (Housley et al., 2006). 
 
The results of this study also disclose that the optimum annealing temperature (Ta) of the 6 
species of catfish tested differs from that of in H. nemurus for each primer with except in the 
case of MnBP5-2-24b (Table 3), with the Ta in P. nasutus being similar to the Ta in H. 
nemurus. Some successfully amplified primers in this study showed lower annealing 
temperature than reported in source species while the other showed amplification when using 
touchdown PCR protocol. MnRm7-1 showed higher annealing temperature in some sample 
species than in source species.  A general trend that cross-species amplification has lower 
annealing temperature than original amplification (Housley et al., 2006; Keong et al., 2008). 
 
Cross-species amplification is a method of utilising primer pairs designed for a specific 
species (source species) in other species (target species) which normally closely related  (Liu 
et al., 2011; Zane et al., 2002). However, the data of all the PCR products generated in the 
target species have only been analyzed based on their banding patterns. There have been few 
analyses of the successful cross-species amplification data at the sequence level (Berrebi et 
al., 2006; Yue et al., 2010). Thus, heterozygosity cannot be compared between species. 
 
Previous study proposed that the PCR product generated from cross-species amplification to 
be analyzed at the sequence level to identify the homology between source and target species 
(Yue et al., 2010). In this study, the primer designated for the flanking region of locus 
MnRm7-1 showed amplification in 6 species.  Heterozygosity could be observed in the DNA 
sequences among the species. Amplification products of target species were sequenced 
directly to confirm their identity whether the flanking sequences and repeat motifs were 
conserved in length. Each species showed sequences in flanking regions with slightly differed 
among the species, which means the possibility that heterologous or orthologous loci were 
amplified. Microsatellite primer pairs that can amplify loci in non-specific species are called 
orthologous or heterologous primers
 
(Moore et al., 1991). The amplification of non-
homologous loci has been observed in reptilian (Hille et al., 2002). In fish, cross-species 
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amplification varies, showing a tendency to amplify homologous loci in species such as 
flatfish and non-orthologous loci in catfish (Kim et al., 2009). Heterologous microsatellites 
have been suggested for use in genetic polymorphism tests and genetic variability evaluations 
(Canales-Aguire et al., 2010; Olivatti et al., 2011). The present analysis also disclosed that 
the repeat motifs are conserved in Pangasiid catfishes but not in Clariid catfishes. A notable 
feature is that the repeat structure of this locus was slightly different among these species: 
(CT)5 in the source species,  P. Siamensis,  P. nasutus and C. macrocephalus, (TC)8 in P. 
Pangasius, (TC)10n(A)10 in C. gariepinus  and are (CTT)5 and (TC)6 in C. batrachus. The 
variation among species occurs with respect to the pattern of tandem repeats and the number 
of repeats in microsatellite DNA. The WebSat program uses the color orange to highlight 
overlapping pairs of SSRs (have something in common the base T). Thus, the last base (T) of 
the first SSR (CTT)5 is also the first base (T) of the second SSR (TC). This contradicts the 
idea that the rate of base substitution in aquatic organisms is lower than that in terrestrial 
organisms (Rico et al., 1996). The amplification products in Clariid catfish provided evidence 
of indels in the flanking sequences and repeat motifs. Amplification of non-orthologous loci 
will lead to obvious complications in phylogenetic inference, population genetics and 
evolutionary studies. Therefore, we recommend that sequence analysis of cross-amplification 
products be performed prior to their application, as previously suggested (Yue et al., 2010).  
 
Cross-species amplification is a method for identifying potential DNA microsatellite markers 
in source species to be amplified in target species. The polymorphic marker in cross-species 
amplification can be used in the genetic study of target species. This obviates the need for 
developing new DNA microsatellite markers for target species which requires high skill, 
consumed more labour, time and money. However, the possibility of obtaining polymorphic 
loci is uncertain. In this study, the results showed uncertainty in the success of cross-species 
amplification, with few loci exhibit polymorphism. In the future, further studies of cross-
species amplification in catfish and also another species will need to be performed with more 
closely related species to obtain the DNA sequences of successfully amplified loci. Since the 
idea of close relationship having high success rate in cross-amplification is not applicable to 
this study, it is suggested that the markers that showed good performance in previous cross-
amplification attempts should be used in the next study. Greater numbers of samples (100 
specimens for species) and larger populations should be examined using more primer pairs in 
the screening process to increase the likelihood of obtaining polymorphic markers. Indeed, 
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there are shortcomings in previous researches on the cross-amplification of non-homolog 
loci. However, cross-species amplification is not useful for the comparison of genetic 
diversity and differentiation among different species. It is necessary to identify the homology 

















CHAPTER 3 GENETIC DIVERSITY AND STRUCTURE OF WILD POPULATION AND 




Fukushima Prefecture received the most severe impact of radiation contamination after 
explosion of Nuclear Power Plant in 2011 incident. Furthermore, it caused massive panic and 
extensive social disruption in Fukushima prefecture. On 12 March, a mandatory evacuation 
has been issued by Japan Government for resident of the 20 km radius from the Fukushima 
Nuclear Power Plant has been issued by Japan Government (Tanigawa et al., 2012). The 
massive evacuation has left several towns in Fukushima to become inhabited including 
Namie, Minamisoma, Futaba, Okuma, Naraha and Tomioka town. Further, due to voluntarily 
evacuation, there were no residents up to 30km radius from the Fukushima Daichii NPP. On 
22
nd
 April 2011, the area has been sealed-off and esignated as „high alert zone‟ and prohibited 
to be enter by anybody. Checkpoints and physical barricades were made to restrict any 
attempt to enter the area(Akabayashi and Hayashi, 2012).   This has caused major breakdown 
of economic and social activities, including aquaculture and seed production in those cities.  
 
After evacuation and closing the area, no record of artificial release from hatchery and other 
anthropogenic activities in that area. This making the wild population of yamame thrives in 
nature without human intervention for several years since 2011 up to now. And to be 
expected how the genetic diversity and structure of yamame will change when the prohibition 
has been lift and residents started to come back and continue their activities in the area.  On 
the other hand, no study has examined the population genetic structure of yamame 
(landlocked masu salmon) in these areas prior evacuation process.  Thus, the objective of this 
study is to provide information of population  genetic structure of masu salmon population 
from three rivers (Mano river, Ukedo river, Abukuma river) in abandoned area in Fukushima 




3.2 Materials and Methods 
3.2.1 Sampling  
 
Wild yamame were caught from for rivers in Tohoku region (Hirose, Mano, Ukedo, 
Abukuma) from winter 2012 until autumn 2014 (Table 3.1).  Fin clip from 160 masu salmon 
caught were kept in ethanol and stored in 4°C until DNA extraction.  DNA from each sample 
was extracted using Qiagen DNeasy
®
 Blood and Tissue Kit and stored at -20°C prior PCR 
amplification.  
 
3.2.2 PCR Amplification of Microsatellite and Mitochondrial DNA 
 
Microsatellite markers screened in this study were listed in Table 3.2. The remaining 
microsatellite markers were omitted due to inability to amplify and high number of null 
alleles. Selected loci were amplified with labelled fluorescent forward primer in Thermal 
cycler (Takara) in 10 µl PCR reaction containing 50ng DNA, 2.5 mM MgCl2, 1X PCR Buffer, 
0.25 µM DNTPs, 0.15 of each primer and 0.2 U of Taq DNA polymerase (Takara). The 
reaction conditions consisted of ini tial DNA denaturing at 94°C for 5 min, followed by 35 
cycles of denaturing for 30s at 94°C; annealing of primers at 56°C for 30 s; extension at 
72 °C for 30s and final extension of 20 min at 72 °C.  
 
Cytb and Dloop region were selected for this analysis. Forward and reverse primers were 
taken from NCBI and designed using Primer3v0.4.0 (http://bioinfo.ut.ee/primer3-0.4.0/). The 
reaction condition following above mentioned.  
 
3.2.3 SAP and Sequence Reaction 
 
SAP reactions were performed by adding 0.1 ul EXO SAP and 3.9 ul distilled water with 1 ul 
of PCR product and run by thermocycler using SAP protocol. Sequence reaction were 
performed by adding 0.2ul BigDye® Terminator Sequencing RR-100, 2ul 5X Sequencing 
Buffer, 0.16ul primer (forward or reverse), 1ul SAP product and 6.64 ul DW to make a total 
of 10ul per reaction. Sequence reactions conditions consisted of initial DNA denaturing at 
96°C for 5 min, followed by 35 cycles of denaturing for 10s at 96°C; annealing of primers at 




10 ul Sequence Reaction were added with 25ul 100% ethanol and 1ul of 3M Sodium Acetate. 
The mixtures were spinned,vortex and spinned again before incubate in dark area for 15 
minutes on room temperature. The mixtures were centrifuged at 2 000X g for 45 minutes 
before removing the ethanol. 5 ul of 75% ethanol were added and centrifuged again at 
1800Xg for 30 minutes. The ethanols were slowly removed and the mixture were added with 
10ul HiDye and pre-shocked at 94°C for 2 minutes. Forward and reverse sequencing analysis 
were performed using 3500XL Genetix Analyzer 
 
3.2.4 Data Analysis 
 
Microsatellites were examined using Genemapper program and peaks were scored from this 
program. FSTAT v 2.9.3 (Goudet, 2001) was used to estimate number of alleles per locus 
(NA), allelic richness (Ar), Fis, and genotypic diversity for each population and locus. 
Observed heterozygosity (HO), expected heterozygosity (HE), Linkage disequilibrium (LD) 
and departure from Hardy-Weinberg equilibrium (HWE) were estimated using Genepop 4.0 
(Rousset, 2008). Arlequin 3.5 (Note, 2010) was used to detect Ho,He, Fst (population 
differentiation) and AMOVA was calculated  using Genalex (Peakall and Smouse, 2012, 
2006).  
 
The population structures were constructed using Bayesian model-based clustering with 
STRUCTURE v 2.3 (Pritchard et al., 2000) software. 10 independent run were performed for 
K between 1 to 10 with a burn-in period of 10000 steps and followed by 100 000 Markov 
Chain Monte Carlo iterations. STRUCTURE Harvester 0.6.92 (Earl and vonHoldt, 2012) was 
used to estimate the optimum number of K using the Delta K estimator. 
 
Mitochondrial DNA sequence obtained from direct sequencing of Cytb and Dloop region 
were aligned using MUSCLE (Edgar,2004) in MEGA 6.0 (Tamura et al., 2013). Haplotype 
and nucleotide diversity was estimated using DNASP 5.0 (Librado and Rozas, 2009). The 
tree construction for cytb and dloop were  performed using the maximum likelihood (ML) 
methods applied using the MEGA 6.0 software with a bootstrap test (1000 replicates) for 










3.3  Results 
 
Out of 28 primer pair tested, 11 loci showed consistent amplification in all four populations 
and exhibited polymorphism. Other loci showed inconsistent amplification in all four 
populations, thus excluded from analysis. The 11 loci that showed consistent amplification 
further confirmed the locus-specific pattern in cross-amplification microsatellite markers 
(Chapter 2). Microchecker analysis showed no evidence of large allele drop-out or scoring 
errors due to stuttering. However, due to excess homozygotes, null alleles were possibly exist 
in Hirose and Mano population at three loci; Oma01, Omi48TF and One114. The loci did not 
omitted from data set because null alleles only found in these two population with low value 
(0.06 -0.3). 
 
Genetic diversity parameters such as number of alleles, allelic richness, expected 
heterozygosity , were analysed for each 11 microsatellite markers  (Table 3.2) . Allele size 
ranged from 100 bp to 396 bp, and the number of alleles per locus ranged from 1 at locus 
Oke307 to 28 at locus Oke308. However, effective number of alleles ranged from 1 to 20. 
The average number of alleles in population ranged from 11.9 (Hirose) to 12.6 (Abukuma). 
Total number of private alleles is 86. High private alleles were observed in Ukedo population 
(28) and lowest in Hirose (16). Both Mano and Abukuma have 18 and 25 private alleles 
respectively. The expected heterozygosity ranged from 0.95 in Oke308 and lowest is 0 in Oke307. 
Significant deviations from Hardy Weinberg Equilibrium were observed in One 114, Oke 308, 
Omi48TUF and Oma01 in all populations. Highest genetic variation was occurred within 
individuals 66%, while only 5% of variations are between populations. Within each 
population, 29% variation was observed between individuals (Figure 3.2). Comparison 
between Hirose river and rivers from Fukushima (Mano, Ukedo and Abukuma) showed mean 
number of alleles between 11.9-12.7.  Fukushima Rivers have slightly higher (9.98-10.9) 
allelic richness in comparison to Hirose River (9.8).  Gene diversities in Fukushima Rivers 
are similar or higher than Hirose river. HWE showed low value in Fukushima rivers 
(0.31,0.52,0.33) compared in Hirose river (0.60).  
 
Test using GENEPOP and further confirmed by Arlequin four microsatellite markers 
(One101, One102, Oke 204, Oke 315) showed significant deviation from Hardy-Weinberg 
Equilibrium. Linkage Disequilibirum analysis showed significant value between Oke307-
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Oke204 and Oke308-Oke315. Bayesian cluster analysis performed in STRUCTURE 2.3 of 
the full data set (11 loci) showed that not clear separation between Mano, Ukedo and 
Abukuma population. Hirose population showed division with introgression from other 
population.  
 
A total of 13 haplotypes for cytb and 9 haplotypes for dloop region were observed. High 
value of haplotype diversity in cytb In cytb, haplotypes diversity ranged from 0.75 to 0.59 
with highest nucleotide number in Hirose (6) and lowest in Abukuma (3), while in Dloop 
from haplotypes diversity ranged from 0.74 to 0.63 with highest in Hirose (5) and lowest in 
Mano (3). In cytb, nucleotide diversity calculated, π ranged from 0.003 to 0.002 while in 
dloop ranged from 0.001 to 0.003. Tree developed using Maximum Likelihood method 





Table 3.1 Sampling information of Onchorhynchus masou. 
 River name 
(samples) 
River branch Standard Length (cm) Body Weight (g) 
 Mano River (40)  Yubune upstream 7.7-33.9 6.0-420.0 
  Kotaki  6.4-20.8 4.0-113.4 
 Ukedo River (40) Agake 6.1-13.7 3.0-35.8 
  Matsukiyama  6.2-17.3 3.7-85.3 
  Kokura 7.1-24.5 5.2-208.9 
 Abukuma (40) Nunokawa  9.1-22.0 9.8-128.4 
  Ishidakawa 9.0-15.8 10.3-59.4 
  Sankesawa 8.1-16.5 7.4-59.5 
  Ooishikawa 14.5-15.4 34.3-38.1 
 Hirose River (40) Sakunami  6.5-20.4 3.0-121.4 






















Table 3.2 List of microsatellite markers screened for this study 
Name References  
Oma01, Oma 02 (Noguchi et al., 2003) 
Omi33TUF AB213222 
Omi46TUF AB213223 
Omi48 TUF AB213223 
OMM1311, OMM1344, OMM1375 (Palti et al., 2002) 
OMM 1404,OMM1402 (Rodriguez et al., 2003) 
One109, One110, One111 (Olsen et al., 2000) 
Ots520 Accession number AY042710 
OMAS-3,OMAS-4, OMAS-5, OMAS-7, OMAS-
10, OMAS-14, OMAS-18 
(Yamamoto et al., 2013) 
Oke 204,307,308,315 (Kudo,2016 unpublished) 
    
 
Table 3.3 : Mitochondrial DNA primers used in this stud
Accession Locus Region Forward Sequence (5'->3') Product length 
NC_008747  D-loop 1..998 F:ACATCAGCACAACTCCAAGGT 800bp 
   R :CGGTGCCAGGTGCTGTTA  
NC_008747 Cyt B 15371..16511 F :GCCATGCACTACACCTCAGA 880bp 
   R: GTTCTACGGGTATGCCTCCG  
37 
 


















Na: Number of alleles, Ne: Effective number of alleles, Ar: Allelic richness, GD:Gene diversity,Ho:observed heterozygosity, He:expected 
heterozygosity, HWE: significant deviations from HWE. *The significance at P<0.05 
Locus 
 














Ots 520 Oma 01 
Average 
Hirose Na 20 10 17 1 2 28 3 12 12 17 9 11.91 
 
Ne 12.85 5.55 8.50 1.00 1.63 20.0
2 
2.66 2.09 7.93 7.61 3.29 6.65 
 
Ar 16.78 8.46 14.3
2 
1 2 2 .7 3 7.79 10.97 13.65 7.17 9.80 
 
GD 0.94 0.83 0.89 0 0.39 0.97 0.63 0.51 0.89 0.88 0.71 0.69 
 
Ho 0.81 0.76 0.97 0.00 0.52 0.97 0.66 0.54 0.31 0.88 0.46 0.63 
 
He 0.93 0.83 0.88 0.00 0.38 0.95 0.62 0.52 0.87 0.87 0.70 0.69 
 




0.82 0.61 0.00* 0.56 0.00* 0.60 
Mano Na 21 8 20 2 3 20 5 14 12 21 14 12.73 
 




3.10 6.18 7.83 9.76 7.88 6.85 
 
Ar 16.72 7.48 15.9
7 
2 3 16.7 4.98 11.99 10.67 17.35 11.82 10.79 
 
GD 0.92 0.78 0.92 0.38 0.34 0.93 0.69 0.86 0.89 0.92 0.89 0.77 
 
Ho 0.75 0.86 1.00 0.50 0.35 0.88 0.76 0.50 0.52 0.82 0.65 0.69 
 
He 0.90 0.77 0.91 0.38 0.33 0.91 0.68 0.84 0.87 0.90 0.87 0.76 
 
HWE 0.00* 0.53 0.14 0.14 0.73 0.00
* 
0.35 0.00* 0.00* 0.11 0.00* 0.33 
Ukedo Na 20 8 22 3 11 16 7 12 10 10 17 12.36 
 




3.94 5.31 6.15 4.28 9.17 6.76 
 




6.56 11.57 10 8.67 14.11 10.93 
 
GD 0.94 0.84 0.94 0.39 0.53 0. 2 0.76 0.83 0.87 0.79 0.91 0.79 
 
Ho 0.55 0.85 0.83 0.35 0.62 0.71 0.71 0.48 0.57 0.81 0.62 0.65 
 
He 0.92 0.83 0.93 0.38 0.52 0.91 0.75 0.81 0.84 0.77 0.89 0.78 
 






0.00* 0.00* 0.00* 0.00* 0.31 
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Na: Number of alleles, Ne: Effective number of alleles, Ar: Allelic richness, GD:Gene diversity,Ho:observed heterozygosity, He:expected 



















Oma 02 Omi 
48TF 
Ots 520 Oma 01 Average 
Abukum
a 
Na 23 6 19 2 3 22 7 14 11 16 16 12.64 
 
Ne 14.01 3.45 6.72 1.03 1.05 16.0
1 
3.57 5.95 5.54 6.74 3.94 6.18 
 




6.16 10.92 8.92 12.21 11.72 9.98 
 
GD 0.94 0.72 0.86 0.03 0.05 0.95 0.73 0.85 0.84 0.87 0.76 0.69 
 
Ho 0.81 0.78 0.83 0.03 0.03 0.69 0.67 0.30 0.30 0.58 0.60 0.51 
 
He 0.93 0.71 0.85 0.02 0.05 0.94 0.72 0.83 0.82 0.85 0.75 0.68 













Table 3.5  Summary of genetic diversity in masu salmon from previous studies. 
 
 














Location Number of 
markers 
He Ho Ar Author 
Demilitarized zone, 
Korea 
11 0.618 0.569 4.29 (Yu et al., 2015) 
Vladivostok, Russia 11 0.734 0.681 6.93 (Yu et al., 2015) 
Samcheok Hatchery, 
Korea 
11 0.725 0.713 6.24 (Yu et al., 2015) 
Atsuta 
River,Hokkaido 






















Figure 3.3 Population genetic structure of 160 individuals based on 11 microsatellite 







Percentages of Molecular Variance 
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Table 3.6 Pairwise Fst  estimation  among four populations 
 Hirose Mano Ukedo Abukuma 
 Hirose - 
   
 
Mano 0.04 - 
  
 
Ukedo 0.06 0.02 - 
 
 
Abukuma 0.05 0.02 0.04 -  








Figure 3.4 Distribution of mtDNA haplotypes within four rivers. Mtdna haplotypes (left=cytb, 




Table 3.7 Summary of haplotype diversity in cytb and dloop of yamame in four populations. 














Hirose 6 4 0.59 0.003 P > 0.1, ns 
Mano 4 0 0.71 0.002 P > 0.1, ns 
Ukedo 6 4 0.75 0.003 P > 0.1, ns 







Hirose 5 3 0.68 0.003 P > 0.1, ns 
Mano 3 1 0.60 0.002 P > 0.1, ns 
Ukedo 4 1 0.74 0.002 P > 0.1, ns 





Table 3.8 Comparison of mitochondrial DNA diversity with previous study. 





Tokubetsu, Hokkaido ND5 0.72 0.003 (Yu et al., 2010) 
Shari, Hokkaido ND5 0.53 0.002 (Yu et al., 2010) 
Ichani, Hokkaido ND5 0.51 0.002 (Yu et al., 2010) 
Shiribitsu River 
Hatchery 
ND5 0.67 0.002 (Yu et al., 2010) 
Primoriye, Russia ND5 0.16 0.0002 (Yu et al., 2010) 
Namdae, Korea ND5 0.72 0.004 (Yu et al., 2010) 
Wangpi, Korea ND5 0.79 0.005 (Yu et al., 2010) 
     







Figure 3.5 Phylogenetic tree of O.masou haplotypes from four rivers using Maximum 
Likelihood method.  Upper part (Cyt b), lower part (D-loop).  
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3.4  Discussion 
 
In this study, microsatellite markers from various related species has been used for cross-
species amplification. The result showed not all are amplified in four populations of masu 
salmon. Some of these markers has proven to success other population in Hokkaido, Russia and 
Korea (Kitanishi and Yamamoto, 2015; Yu et al., 2010) but not all were able to amplified in Tohoku 
population. This further raised question about how cross-amplification works in other species. 
This finding is consistent with previous study in Chapter 2 which stated that the amplification 
is locus-specific and not species specific. Only 11 showed good amplification in all 
population without any stuttering or large allele dropout. Oma 01, Oma 02 were developed 
for masu salmon (Noguchi et al., 2003). Omi48TUF was developed for amago salmon, 
another subspecies of O. masou. One114, One 101, One 102 were developed for sockeye salmon, 
Oke 204, Oke307,Oke308,Oke315 were developed for chum salmon and Ots520 were developed for 
Chinook salmon. In this study, Oma 01 showed possibility of null allele presence but still used in 
analysis because it has low possibility and proven in previous study.  
 
Genetic diversity observed among the population between rivers in this study is similar to 
previous study using microsatellite markers (Yu et al., 2015). Masu salmon from wild 
population in Korea and Russia have gene diversity ranging from 0.6-0.76  (Yu et al., 2015). 
Allelic richness, average number of alleles and effective alleles between rivers showed value 
in the same range. Allelic richness in Korea and Russia ranged from 4.29-6.93, which is 
lower compared in this study (Yu et al., 2015). In Hokkaido, allelic richness is much higher 
ranging from  from 6 to 9,  but Ho did not varied much, ranging from 0.685 to 0.817(Yu et al., 
2012). The consistent value of genetic diversity in Fukushima Rivers and Hirose River 
indicate i) although after no human interaction, genetic diversity in population remain same, 
and ii) 137-Cs has no effect on genetic diversity of yamame population since no increase in 
genetic diversity of Fukushima Rivers compared to Hirose River. After Fukushima incident, 
massive evacuation has caused nearly no human interactions in wild population of yamame in 
three rivers of Fukushima (Mano, Ukedo, Abukuma). There are no  introduction of new 





Although extensive study has been done about masu salmon genetic structure in Hokkaido 
dan Korea, little is known about its “non-anadromous” type (yamame) in Tohoku region. In 
addition, prior to Great Earthquake on 2011 and entrance prohibition in the area contaminated 
with 137-Cs in Fukushima, little information known about wild population and hatchery 
released program in these rivers. Impact of interactions between hatchery-released yamame 
and wild population is still unknown. Potential impact of releasing dispersers into wild 
population is the loss of genetic diversity and fitness in wild population. Dispersers are fishes 
produced by hatchery and released into rivers to reproduce in the rivers with wild. But, 
contribution for gene flow and population structure are dependent to different dispersal 
abilities (Bohonak, 1999).  The information of genetic variation and differentiation in rivers 
from Fukushima will be useful in future observation of effect non-human interaction and 
effect of 137-Cs onto genetic structure of yamame in this area.  
 
Significant deviations from HWE were observed in all population at several alleles. This 
might be due to samples used, that are male and female yamame (non-anadramous). Range of 
samples in this study showed age from 0+ to 2+, showing that they comprise of non-
anadromous male and female in juvenile state. While male masu salmon can be non-
anadromous (yamame), female and anadromous male will smolt and go to sea and come back 
two or three years later for spawning (Machidori and Kato, 1984; Munakata, 2012). But in 
this study, we found non-anadromous female in wild (Figure 1.1, Chapter 1). Contra to 
anadramous that go to sea after hatch and come back to natal river for breeding, non-
anadramous remain in their natal river since hatched for lifetime. Their behaviour to selective 
in habitat (Inoue and Nakano, 1998; Inoue et al., 1997) and live in small tributaries, increased 
possibility of relatedness and inbreeding among individuals (Castric et al., 2001).  This cause 
non-random mating in habitat and deviation from Hardy Weinberg Equilibrium.  
 
Population differentiation (Fst) showed very little genetic differentiation for all populations. 
This indicates that subgroups of yamame are not distinctive despite geographical distance. 
STRUCTURE analysis also supports that very little genetic differentiation. The result also 
supported by phylogenetic tree based on haplotypes. Clear separation only observed in Hirose 
river from other three rivers in Fukushima Prefecture. This may be due to several factors, i) 




Recent research about dispersal success in Atsuta river showed low success rate for dispersal. 
This are relate to number ii) non-specific sampling within rivers. In previous researches, 
samples are collected downstream of river. This caused to different environment condition 
(Kitanishi and Yamamoto, 2015). In this study, only yamame (non-anadromous) were 
collected. Samples are collected from various sites except for Hirose population. For Mano 
population, samples are collected from upstream river, upstream of waterfall, and river 
branches which may denote for different subdivision. Ukedo population are collected in river 
delta, close to Futaba machi. While Abukuma population were collected from two river 
branches. Non-specific sampling site within rivers might cause complex interpretation of 
population differentiation since masu salmon showed significant population differentiation 
within river (Kitanishi et al., 2009). This study also collected only yamame, non-anadramous 
type of masu salmon which may be biased in representing the whole population. 
 
Mitochondrial DNA has been used to elucidate the phylogeny of O. masou (Oohara et al., 
1997) by utilising region of ATPase subunit and NADH dehydrogenease. Masu salmon has 
intrigued scientist with its phylogenetic association to other Pacific salmonids due to its 
unique distribution pattern. In this study, two mitochondrial DNA markers (cytb and d-loop 
region) were selected to uncover the genetic diversity and genetic structure of yamame in 
Fukushima Rivers and Hirose River. D-loop region are non-conserved hypervariable region, 
it has been proven to be the most variable part in mitochondrial DNA (Padhi, 2014; Xia et al., 
2016). Rate of mutation in D-loop is estimated to be five times higher as other remaining 
region in mitochondrial DNA. Cytochrome b is a conserved region region has shown to help 
in differentiating fish populations (Miyake et al., 2001). These two mitochondrial DNA 
markers have proven to help in phylogenetic study, population genetic structuring and species 
identification (Lee et al., 2013; Mandal et al., 2012). Previous study utilize ND5 gene to 
understand inter-population genetic structure of masu salmon (Kitanishi et al., 2007; Yu et al., 
2010) showed that high haplotype diversity and low nucleotide diversity are similar in all 
populations. Mitochondrial DNA also reveal that haplotype diversity of yamame and masu 
salmon are higher in Japan dan Korea compared to Russia.  D-loop and Cytb has proven to 
assist understanding population structure in cyprinid other fishes (Chang et al., 2016; 




Low success in differentiating population structure in this study might not be due to 
mitochondrial marker, but due to different approach of sampling strategies. Development of 
microsatellite markers for masu salmon has been started since 2003 (Noguchi et al., 2003) 
and continued in recent years (Yamamoto et al., 2013; Yu et al., 2015). In future study, 
author would like to suggest to utilise microsatellite markers that has been developed 
specifically for masu salmon with screening for all population is needed.  In conclusion, 




CHAPTER 4 GYNOGENESIS OF YAMAME USING RADIOCESIUM 
 CONTAMINATED WILD PARENT AND CAPTIVE PARENT 
 
4.1. Introduction   
 
Recent development in radiocesium contamination on organism health has heightened the 
need for understanding its effect on organisms breeding performance. In Fukushima, several 
areas have been evacuated to avoid contamination of radiocesium in human. In fish, 
contamination of radiocesium have been observed since Chernobyl incident (Brittain et al., 
1991; Gallelli et al., 1997). In addition, prior to Fukushima Nuclear Power Plant (FNPP) 
accident, monitoring of radionuclides from nuclear power plant and radioactive wastes has 
been performed since 1990s in Sea of Japan(Yamada et al., 1999). After the FNPP accident, 
more avid among moitoring of radioactivity has been done (Kumamoto et al., 2015; 
Murakami et al., 2016; Nihei et al., 2015; Tateda et al., 2015; Yang et al., 2016; Yoshihara et 
al., 2013). 
 
The effect of radiocesium contamination in organisms is still new and many to discover. In 
human, the major concern was the cancer induced from exposure of radiomaterials from 
FNPP (Evangeliou et al., 2014; Hosoda et al., 2013). In animals and plants, the effect of 
radiocesium exposure is little studied and many to discover. Some studies are focusing on 
DNA damage, molecular mutations and haematological changes after exposure to radiation 
(Bonisoli-Alquati et al., 2010; El-Shanshoury et al., 2016; Murphy et al., 2005). However, 
there are little researches concerning the effect of radiocesium and radiation on breeding 
performance in animal (Matsushima et al., 2015). Radiation has raise hazard issue in 
pregnancy because embryo is radiosensitive (Needleman and Powell, 2016). 
 
Gynogenesis involves production of diploid eggs in which both chromosome set were 
obtained from maternal broodstock.  To obtain feasible gynogenetic diploids, two steps are 
required : (1) Activation of eggs using genetically inactivated sperm; (2a) prevention of 
second polar body extrusion (meiotic gynogenesis) or (2b) prevention of first embryonic 
cleavage (mitotic gynogenesis). UV irradiation has proven to produce genetically inactivated 
sperm which then used to trigger the completion of meiosis in eggs without contributing its 
genetic materials. It has proven assisting production of homozygous all-female generation in 
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salmonid (Terje Refstie et al., 1982). Mitotic gynogenesis, enable in obtaining all-
homozygous individuals in F1 progeny, in which recessive allele can be expressed and any 
heterozygosity observed are not caused by inheritance. This becomes an advantage in 
identification of deleterious genes or mutant gene in genome. Production of all-female is 
important in aquaculture industry to attain favourable female-biased sexual size dimorphism 
(SSD). Like other salmon that showed SSD features, masu salmon also exhibit the similar 
phenomenon.  Female fish has proven to have rapid growth and larger size in comparison to 
male of the same age (Tsuyoshi, 2004).   
 
Utilisation of chromosome manipulation technique in masu salmon has been traced way back 
in 1970s (Arai et al., 1979) until early 2000s(Sakao et al., 2009, 2003). The objectives of 
previous studies mainly focus on understanding the nature, cause and effect in chromosome 
manipulation technique. The objective of this chapter is to investigate the effect of 
radiocesium content in maternal broodstock on survival (hatching rate) and its effect to alevin 
performance in gynogenetic individiuals. Yamame are landlocked masu salmon, which mean 
that they inhabit rivers and upstream and grow in river without travel into sea.  
 
Yamame in Mano River, age more than two years in Mano River or Hayama Lake have been 
exposed to 137-Cs for long term since their hatch. The long term radiation and contamination 
of radiocesium from food intake may cause changes in oogenesis and spermatogenesis. 
Gynogenesis can be used to remove the variation and expressing the homozygous recessive 
mutant gene (Noramly et al., 2005; Pelegri et al., 2004). The finding in this study will help 





Figure 4.1  Mitotic gynogenesis production of masu salmon, O. masou.  
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4.2. Materials and Methods  
4.2.1 Broodstock  
 
Two groups of parental broodstock were used in this study, Wild broodstock and Captive 
broodstock. Wild masu salmon (8 females,8 males) were captured from Mano River during 
autumn season from 1
st
 Oct until 16 Oct 2014 and kept in ground pond in Fukushima 
Prefectural Inland-Water Experimental Station (FPIES). Captive broodstock (16 females) are 
double haploid individuals developed by Fukushima Inland Fisheries Station during October 
2012 and kept in rearing pond. 
 
4.2.2 Otolith Measurement 
 
Otolith were extracted from each maternal fish and measured (Figure 4.2). 
 
4.2.3 Gynogenesis Production 
 
Diploid mitotic gynogen were produced by activating eggs from maternal parent with UV 
irradiated sperm. Sperm collected from paternal parent were diluted 100X using seminal 
plasma from yamame kept in Fukushima Inland Fisheries. Diluted sperm were irradiated with 
UV rays at 3500erg/mm
2
 (Bioshaker Taitec BR 300L). Activation using sterile sperm was 
performed in water temperature 12°C. After activated, eggs from double haploid were kept 
for 9 minutes, 10 minutes and 11 minutes before submerged in 26°C water for 15 minutes to 
prevent extrusion of second polar body and become meiotic gynogen.  
 
Activated eggs from wild parent were given pressure shock at 650 kg/cm
2 
for 6 minutes 30 
seconds after 56, 58,60,62,64 minutes after fertilization (AF) where duration of first cleavage 
started to occur. Intact control (IC) treatment was also performed by fertilizing eggs with 
fertile sperm. Gynogenetic control (GC) also performed by inducing retention of second polar 
body (haploid). Eggs were kept at 10°C water temperature until hatched and the fries start to 






4.2.5 Statistical Analysis 
 
Percentage of hatching rate (eyed-egg that hatch/total eggs), swim-up rate (normal fry that 
swim/total eggs) and production of normal fries (normal eyed-eggs/total eggs) were 
calculated. Differences between mean of each parameter were analysed using One-Way 
ANOVA with equal variance assumed according Tukey and Bonferroni. Comparison of mean 
between Clonal broodstock and Wild broodstock were analysed using T-Test analysis 
according to Tukey. Correlation and regression analysis were estimated using Pearson 
Correlation (SPSS Ver 20).  
 
4.2.6 Verification Using Microsatellite DNA Marker 
 
Fin clip from maternal parent, 24 alevin from IC, and 4-5 eggs of mitotic gynogen from each 
treatment (56, 58, 60, 62, and 64) were used in verification. This experiment also following 
similar procedure as explained in previous Chapter 3. Four microsatellite loci: One102, 
One114, Oke308, and Oke315 were used to verify mitotic gynogen from two wild mano 





4.3.1 Broodstock Age and Radiocesium Content 
 
Age of Wild broodstock range from 1 year  to 2 years while radicesium content in muscle 
showed variation between 53.2-226 Bq/Kg in 134-Cs and 149-698 Bq/Kg in 137-Cs. Age of 
Captive maternal broodstocks are 2 years and the reading of radiocesium content is 0 for all 
of them. Survival rate and swim up rate percentage were calculated for each AF in wild 
maternal embryos (Table 4.1). 
 
4.3.2 Hatching Rate, Swim-up Rate and Normal Fries 
 
Eggs from m1, m4 and m8 were excluded as all eggs showed no development after 
fertilization.  Percentage of hatching rate in 5 wild maternal masu salmon (m2, m3, m5, m6, 
m7) varied between treatments. Mean value of hatching rate, swim-up rate and normal rate 
ranging from 6% - 53 % , 2%-8% and 3%-9% respectively (Table 4.2).  Analysis of variance 
(ANOVA) in mitotic gynogen (Table 4.2) showed significant difference (p<0.05) between IC 
and other groups, whereas no significant difference between other groups. In meiotic 
gynogen, analysis of variance showed no significant difference between control and treatment 
(Table 4.3). Treatment IC showed significant different (P<0.05) in hatching rate, swim-up 
rate and production of normal gynogen compared to other treatment, whilst other treatment 
showed no significant differences (P<0.05) in all parameters (Figure 4.4-4.6). Mitotic 
gynogen alevin were kept in Fukushima Inland Fisheries and no observation of 
morphological defect. 
 
4.3.3 Comparison between Clonal and Wild Production 
 
Mean comparison of hatching rate, swim-up rate and normal rate between meiotic gynogen 
and mitotic gynogen showed significant different in hatching rate, normal rate and swim-up 




4.3.4 Microsatellite Analysis 
 
Four loci have been analysed using genemapper to observed genotypic segregation in mitotic 
gynogen. Since these markers has been verified in Chapter 3, no null alleles observed in this 
study. Intact Control showed genotypes inherited from maternal and paternal and 
homozygous of paternal and maternal alleles in loci Oke308 and Oke315. In treatment (56, 
58, 60, 62, and 64) showed homozygous maternal genotype in all four loci (Table 4.4).  
 
 
Table 4.1  Radiocesium content in muscle of wild female parent and age 
Wild Maternal Parent Age Cs 134 (Bq/Kg) Cs 137 (Bq/Kg) 
Mano 1 2+ 129 401 
Mano 2 2+ 141 555 
Mano 3 2+ 226 698 
Mano 4 2+ 187 575 
Mano 5 2+ 156 476 
Mano 6 1+ 62.6 149 
Mano 7 1+ 53.2 168 





Table 4.2  Mean value for hatching rate,swim-up rate and normal rate for mitotic 
gynogen.  
 
IC GC 56 58 60 62 64 
Hatching rate 0.75* 0.06 0.35 0.53 0.20 0.18 0.13 
Normal rate 0.73* 0.03 0.09 0.06 0.05 0.05 0.03 
Swim-up rate 0.71* 0.02 0.08 0.05 0.06 0.04 0.03 
*Denoted significant at P<0.05 
 
Table 4.3  Mean value for hatching rate,swim-up rate and normal rate for meiotic 
gynogen from captive yamame.  
 
Control 9 minutes 10 minutes 11minutes 
Hatching rate 0.727* 0.316 0.384 0.641 
Normal rate 0.708* 0.175 0.196 0.395 
Swim-up rate 0.667* 0.226 0.236 0.483 







   








Figure 4.3 Correlation of weight and radiocesium content in wild maternal parent 
 
 


















Figure 4.5 Boxplot representing rate of swim-up of mitotic diploid gynogen. 
 
 





























Figure 4.7 Mean difference of hatching rate, swim-up rate and normal rate between meiotic 






















56 58 60 62 64 
One102 M5 290/242 242/265 (3) 290/278 (1) 242/242(5) - 290/290 (3) 290/290 (1) 
   
242/278 (2) 
   
242/242 (2) 242/242(3) 
   
290/278* (12) 
     
   
290/265 (0) 
     
 
M6 262/225 262/225 (4) 262/262 (3) - 262/262 (2) 262/262 (4) 262/262 (2) 
   
278/262 (8) 
  
225/225 (3) 225/225 (1) 225/225 (1) 
   
278/225 (8) 
     
   
225/225 (1) 
     
One114 M5 313/217 313/217 (8) 217/217(1) 318/318 (2) - 313/313 (4) 313/313 (2) 





217/217 (1) 217/217 (2) 




   
   
217/253 (3) 
     
 
M6 281/253 281/253 (4) 281/281(4) - 281-281 (3) 281/281(4) 281/281 (2) 
   
281/217 (4) 253/253(1) - 253/253(2) 253/253(1) 253/253(1) 





   
253/217 (5) 
     















     
 




290/278 (7) 234/234 (2) 
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Table 4.4  Genotypic segregation of 4 microsatellite loci in putative mitotic gynogen of masu salmon.  












Numbers in bracket denoted number of individuals that showed the genotype.




56 58 60 62 64 
Oke315 M5 253/253 256/253 (4) 253/253 (4) 253/253 (1) 253/253 (5) 253/253(5) 253/253(4) 
   253/247 (9)  247/247 (3)    
   *253/253 (6)      
 M6 253/253 253/256 (5) 253/247 (3) 253/247 (1) 253/253 (5) 253/253(5) 253/253(4) 
   253/247 (9) 253/253 (2) 253/253 (4)    





In this study, we have collected the yamame from upper streams from Mano Dam, and all 
samples examined in this study are landlocked. The otolith measurements were conducted to 
evaluate the age of wild yamame and captive yamame. The result revealed that wild maternal 
yamame are landlocked (non-anadromous) in Mano River and hatched in spring 2012, (ie 
after Fukushima Incident). For landlocked masu salmon, (generally called yamame), male 
tend to remain in their natal river while female will swim downstream into sea and return 
back after 3-4 years (Tanaka, 1963). During alevin state, they foraging in their natal river and 
take small insects, small fishes as their diet. In this study, female yamame did not swim into 
sea and remain in their river until mature, resulting to long exposure to radiocesium 
contamination in water and food intake. Previous study suggested direct exposure to 
extremely contaminated water (Shigenobu et al., 2014) and food intake contribute to 
radiocesium accumulation in organism (Brittain et al., 1991). Captive broodstock are double 
haploid developed by Fukushima Inland Fisheries during autumn of 2012.   They are kept in 
captivity in Fukushima Inland Fisheries for experiment and breeding purpose. Thus, make 
them less likely to be exposed to any mean of radiocesium contamination. Extensive study on 
radiocesium contamination in wild yamame has been done by Hara (2014, unpub).  
 
Measuring and monitoring of radiocesium content in organism has become essential after the 
Fukushima Nuclear Power Plant explosion. The radiocesium has contaminated marine and 
freshwater system and infiltrate food chain in ecosystem and human body. Since 2011, 
intensive monitoring of radionuclides contamination has been done in sedimentation, 
agricultural, forestry, freshwater and marine products (Honda et al., 2013; Nihei et al., 2015; 
Tateda et al., 2015). In this study, the radiocesium content measured disclose a significant 
correlation with body weight of fish regardless the age with r
2
=0.837. Furthermore, all 
maternal samples from Mano River exceeded the Japanese standard limit for radiocesium 
(134Cs+137Cs) in foods is 100 Bq/kg-wet. High radiocesium content in masu salmon also 
reported other study (Arai, 2014). The radiocesium content in body muscle of wild maternal 
are considered high with 100Bq/kg are standard for Japanese government. Positive 
correlation  between body size and radiocesium content showed that radiocesium 
contamination is mainly via food chain (Shigenobu et al., 2014; Yamamoto et al., 2015). 
Studies in other freshwater species also revealed similar pattern of correlation between 
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radiocesium content and fish body weight and fork length (Yamamoto et al., 2015; 
Yoshimura and Yokoduka, 2014a).  
 
The purpose of producing mitotic gynogen is to observe any defects inherited and expressed 
in next generation due to radiation contamination. Mitotic gynogenetic is a technique to 
produce all-homozygous female fish in short generation (Arai, 2001; Komen and Thorgaard, 
2007). It helps to eliminate any lethal alleles in early development. Individuals that have 
homozygous lethal allele will not survive in early development and only normal or individual 
that has non-lethal. In this study, Mano parent were collected from Mano River in 2014 while 
Captive parent are diploid homozygotes obtained from mitotic gynogenesis. Survived 
individuals from mitotic gynogenesis were considered did not carry homozygous deleterious 
gene.  Mano parent were used in mitotic gynogenesis and Captive Parent were used in 
meiotic gynogenesis. Although different methods were used, both end up in producing 
homozygous individuals in next generation.   Both eggs derived from these two groups are 
considered homozygous and can be use in comparison between non-contaminated (Captive 
Parent) and contaminated (Mano parent).  Another comparison is between Intact Control and 
Treatment in mitotic gynogenesis eggs obtained from Mano parent.  
 
The intact control in this study are normal fertilized eggs, showing significantly high value 
hatching rate, normal rate and swim-up rate. This study also showed that mitotic gynogenesis 
production and haploid have significantly low performance in comparison to meotic 
gynogenetic eggs. Comparison between meiotic gynogenesis and mitotic gynogenesis also 
revealed that meiotic gynogen are more viable and robust compared to mitotic. Figure 4.7 
clearly showed the significant difference in performance between mitotic and meiotic 
gynogenesis. Meiotic gynogen proven showed better hatching and survival compared to 
mitotic gynogen in other species(Kato et al., 2008).   
 
Low hatching and survival rate in mitotic gynogenesis are typical and result in this study 
consistent with studies in other species (Liu et al., 2012; Terje Refstie et al., 1982; Rougeot et 
al., 2005). Productions of mitotic gynogenesis in this study are slightly high in comparison to 
other salmonid species. Mitotic gygnogeneis in amago salmon and rainbow trout using yield 
5.6% and less than 1% respectively (Chourrout, 1984; Kobayashi et al., 1994; Komen and 
Thorgaard, 2007) whereas in this study, yield around 35% to 53%. One factor for low 
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survivality in gynogenesis came from the physical treatment (hydrostatic pressure) applied in 
gynogenesis. Hydrostatic pressure caused chromosomal fragmentation and terminal deletion 
in chromosome which amplify during embryogenesis (Yamazaki and Goodier, 1993) and 
resulting in low hatch and survival rate. In addition, mitotic gynogenesis also led to 
inbreeding effect and occurrence of homozygous recessive lethal genes that caused high 
mortality in early staged (Terje Refstie et al., 1982). Usage of hydrostatic pressure requires 
accurate pressure measurement and timing, which in this study showed 56 to 58 minutes are 
at best to produce mitotic gynogen individuals. Because of these factors, it is unclear whether 
exposed to radioactive contamination has affecting the performance of eggs development in 
wild yamame.   
 
In this study, no morphological observation on alevin is conducted. It is unknown if there are 
morphological defect during larval development, thus make it difficult to conclude that 
radiocesium directly play significant role in eggs development of mitotic gynogen in this 
study. Further study of radiation effect in sperm also concluded that no adverse effect in 
sperm from animal in Fukushima (Yamashiro et al., 2013) But it may have indirect impact 
towards next generation by causing abnormalities in erythrocyte and micronuclei (Anbumani 
and Mohankumar, 2012; Ilyinskikh et al., 1998; Praveen Kumar et al., 2015). Further 
investigation about larval development and extensive study in breeding performance should 
be carried on wild fish from contaminated area. 
 
Findings from this study suggested that performances of eggs obtained from wild yamame 
which live in contamination area (Table 4.2) are not significantly affected by radiocesium 
contamination. Previous study state that sex organ is sensitive to radiation and long term 
exposure to low radiation induced apoptosis,  reproductive cells loss,  and decrease in 
hormone reproduction level (Bahaodini et al., 2015; Kumar et al., 2014; Liu et al., 2006; 
Saiyad Musthafa et al., 2014). In Fukushima, it has been 5 years after the incident of FNPP 
explosion and radiocesium contamination. Radiation doses are still measured in contaminated 
area, ranging from 0.1 to 2µSv/h (Malins et al., 2016).  The effect of long exposure ionizing 
radiation on eggs cells in still unknown, thus this study provide basic information on eggs of 




Microsatellite marker, showing simple Mendelian segregation pattern has been useful to 
evaluate the success of gynogenetic production (Alsaqufi et al., 2014; Anil et al., 2016; Liu et 
al., 2013, 2012). Microsatellite are more sensitive, non-destructive, and did not require prior 
progeny testing in compare to other biochemical markers (Peruzzi and Chatain, 2000). The 
result of microsatellite marker analysis indicated that gynogenetic progeny were derived from 
maternal. But, Intact Control in this study deviation of genotype in loci Oke 308 and Oke 315. 
A potential explanation is mutant allele due to microsatellite mutation. Microsatellite 
mutation  can be defined by different allele size from paternal and maternal genotype (Furitsu 
et al., 2005). In pink salmon (Onchorhynchus gorbuscha), microsatellite mutation has been 
detected in tetranucleotide and dinucleotide repeat loci in fish (Steinberg et al., 2002; Yue et 
al., 2007). Oke308 and Oke315 is tetranucleotide repeat loci, in which have higher mutation 
rate than dinucleotide repeats (Ellegren, 2000). Since there is no microsatellite mutation 
observed in mitotic gynogen, the mutated gynotype are highly inherited from both maternal 
and paternal. Paternal yamame are collected from wild during the same time with maternal. 
Radiation proven to induce microsatellite mutation in human and rodent (da Cruz et al., 2008; 
Dubrova, 2005; Kovalchuk et al., 2003; Slebos et al., 2004) but until recent, the study of 




CHAPTER 5 MITOCHONDRIAL DNA MUTATION OF WILD POPULATIONS AND 
CAPTIVE YAMAME  
 
5.1 Introduction  
 
One of the significant current discussions in geneticist is how far ionizing radiation will affect 
the genetic of an organism. Exposure to high dose of ionizing radiation will caused energy 
deposition in cell nucleus. This high energy in cell nucleus damaging the DNA strands and 
eventually brings harmful effect to health (Schilling-Toth et al., 2011). Ionizing radiation 
induced various types of genetic changes such as point mutations, small and large deletions 
and complex rearrangements (Wang et al., 2007). But, did these genetic changes are passing 
down to the next generation or not is debatable. Moreover, most studies in mutation of 
organisms from ionizing radiation have only been carried out in small field of study. 
 
In Chernobyl whereas the release of radionuclide clearly exceeding Fukushima incident 
(Steinhauser et al., 2014), various effort has been attempted to evaluate the DNA damage in 
organism at molecular level. Mutation in various organisms after Chernobyl incident has 
been reported ranging from plants, birds, rodent (Bonisoli-Alquati et al., 2010; Kovalchuk et 
al., 2003; Kuchma et al., 2011; Møller et al., 2013; Slebos et al., 2004; Wickliffe et al., 2003). 
Monitoring of mutation in organisms around Chernobyl area has been time consuming 
research since they have to observe the inheritance of the mutation after one or few 
generations. Yet, the literature review on this particular study has been sporadic. Although 
release of radionuclide in Fukushima is relatively lower than in Chernobyl, the monitoring of 
radionuclides showed the value is at alarming state (Kinoshita et al., 2011) and it has proven 
causing several diseases (Murakami and Oki, 2012) .In addition, recent study showed that 
DNA damage has taken from low dose ionizing radiation down to 0.244Gy/min (Schilling-
Toth et al., 2011). 
 
Most studies utilised molecular marker (microsatellite marker, AFLP, ,mtDNA) and cytology 
to evaluate and estimate the degree of mutation. Mitochondrial DNA is maternal inherintance 
while microsatellite DNA inherited from both paternal and maternal parent. Mitochondrial 
DNA plays vital role in encoding genes for polypeptide of electron transport chain, tRNAs 
and rRNAs for translation. In addition, mitochondria serve as major source of reactive 
68 
 
oxygen species and regulation of apoptosis. Therefore, mutations in mtDNA have been 
associated with various diseases and cancer (Paramasivam et al., 2016; Sevini et al., 2014; 
Szczepanowska et al., 2012; van Gisbergen et al., 2015). Ionizing radiation can trigger 
various effect in mitochondria such as strand breaks, base mismatches and large deletion 
(Murphy et al., 2005; Paramasivam et al., 2016; Prithivirajsingh et al., 2004; Wang et al., 
2007). Although detection of mutation using mitochondrial DNA has been widely used in 
clinical dan human disease study, there has been small use of it in aquatic organisms. 
Inclusion that very few study has examined the effect of ionizing radiation in fish genetic 
makeup.  
 
Early animal development is greatly influenced by maternal factor during oogenesis. Thus, a 
mutation from maternal parent can contribute a lot of changes to the progeny. However, 
mutation that occurs in maternal parent is difficult to identify due to fact that mutant-
phenotypes can only be observed in homozygous mutant female. In normal condition, it takes 
to four generation to systematically identify recessive maternal-effect mutations involving 
natural cross (Pelegri et al., 2004). This method requires large amount of time, labor and 
space to execute. Gynogenesis permits the production of homozygous individuals directly 
from carriers of the mutation (maternal parent). Moreover, gynogenesis enables removing of 
lethal genes as individual with lethal gene will not survive and only mutation that can be 
inherited will visible. It  has been proven a suitable method in assisting identifying maternal-
effect mutation in fish and amphibian (Khokha et al., 2009; Noramly et al., 2005; Pelegri et 
al., 2004).  
 
This chapter will focus on examining mutation in mitochondrial DNA of mitotic gynogen 
masu salmon. The mitotic gynogens were derived from wild parent (Mano river) which live 
in contaminated area in Fukushima prefecture and captive parent (double haploid) which bred 
in Fukushima Inland Fisheries Station. By utilising two loci (cytb and dloop) in mtDNA, we 
analyse the DNA sequence of every gynogen to observe any mutation occur and estimate the 
mutation rate for that group. 
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5.2 Materials and Methods  
5.2.1 Sampling 
 
24 mitotic gynogen eggs and 50 control larvae from each two maternal wild parent (m5,m6) 
and 50 meiotic gynogen larvae each derived from two maternal captive parent (PF9,PF23) 
were used in this study.  
 
5.2.2 Dna Extraction 
 
DNA from each sample was extracted using Qiagen DNeasy® Blood and Tissue Kit and stored 
at -20°C prior PCR amplification.  
 
5.2.3 Polymerase Chain Reaction 
 
Two mitochondrial DNA markers for Cytb and D-loop were designed from data of O. masou 
in NCBI (Chapter 3). The loci were amplified Thermal cycler (Takara) in 10 µl PCR reaction 
containing 50ng DNA, 2.5 mM MgCl2, 1X PCR Buffer, 0.25 µM DNTPs, 0.15 of each 
primer and 0.2 U of Taq DNA polymerase (Takara). The reaction conditions consisted of 
initial DNA denaturing at 94°C for 5 min, followed by 35 cycles of denaturing for 30s at 
94°C; annealing of primers at 56°C for 30 s; extension at 72 °C for 30s and final extension of 




Sequence reaction for forward and reverse were performed by adding 0.2ul BigDye® 
Terminator Sequencing RR-100, 2ul 5X Sequencing Buffer, 0.16ul primer (forward or 
reverse), 1ul SAP product and 6.64 ul DW to make a total of 10ul per reaction. Sequence 
reactions conditions consisted of initial DNA denaturing at 96°C for 5 min, followed by 35 
cycles of denaturing for 10s at 96°C; annealing of primers at 56°C for 10 s; extension at 







Forward and reverse sequence obtained were recorded in 3500XL Genetix and aligned using 
MEGA  v6 (Tamura et al., 2013). The number of haplotypes and polymorphic sites were 
determined using DNAsp. In this study, polymorphic sites are treated as mutation site. 
Translation of nucleotide to protein using ExPAsy (Artimo et al., 2012) 
 
 
Sequence were  Mutation rate estimation (Figure 5.1) were calculate following (Haag-
Liautard et al., 2008) whereas 
                                               
The mutation rate, µ is  
 i = mutation occurred 
di = current frequency of mutation in an individual 
b = total number of mtDNA bases scanned, summed over fish strains 






Although estimated bases acquired from direct sequencing was 800 bases, only 765 bases 
were analysed (base 207-972). Several samples were removed from this analysis due to poor 
sequences quality. For M5 and M6 family, 65 samples (20 mitotic gynogen, 45 control 
larvae) and 64 samples (22 mitotic gynogen, 42 control larvae) were examined respectively. 
In PF9 and PF23, all samples were used. 
 
Direct sequencing of Cytb region from these four families (M5,M6, PF9,PF23) disclose 3 
point mutations in both M5 and M6 families and no mutation observed in PF9 and PF23. The 
point mutations occur in base 324, 697 and 795 (Figure 5.1).  All mutation in M5 and M6 
Family is from mitotic gynogen eggs. In D-loop, sequences 671 nucleotides from 46 samples 
(M5 family) and 34 samples (M6) family has been used.  Mutation has been observed in 
mitotic gynogen eggs of M5 at base 299 and base 624 (Figure 5.2) whilst in M6, no mutation 
observed. All samples from PF9 and PF23 showed neither variation nor mutation. 
 
Frequency of mutation occurrence in cytb ranged from 0.08 to 0.06 and in d-loop only 0.11.  
Mutation rate in cytb range from 4.9 X 10
-6 
to 8.04 X 10
-6 







                         
                          
                          


































                          
 
                         
Figure 5.2 Sequence of dloop in M5 that showed mutation (orange dot) according to base 
position. 
 
Table 5.2 Number of samples and bases scanned in O. masou. 
Family Number of samples  Number of bases scanned 
M5 65 49725 
M6 64 48960 
PF9 50 38250 





























Table 5.3 Description of point mutation in cytochrome b and d-loop region in O. masou. 
Gene Family Position Mutation Effect Frequency Mutation 
rate 
Cytb M5 324 T > A Leu  > Leu 0.08 8.04 X 10
-6
 
Cytb M5 324 T > G Leu  > Leu 0.08 8.04 X 10
-6
 
Cytb M6 324 T > G Leu  > Leu 0.06 4.9 X 10
-6
 
Cytb M5 697 G > A Ala > Thr 0.08 8.04 X 10
-6
 
Cytb M6 697 A > G Thr > Ala 0.06 4.9 X 10
-6
 
Cytb M5 795 G > A Pro > Pro 0.15 3.1 X 10
-5
 
Cytb M6 795 A > G Pro > Pro 0.06 4.9 X 10
-6
 
Dloop M5 299 G > A  - 0.11 1.76X 10
-5
 









The first serious discussion about evaluating mutation rate in organism exposed to radiation 
started after the explosion of nuclear power plant in Chernobyl 30 years ago. To be exact, 
researchers has study the occurrence of radiation-induced mutation nearly after 20 years of 
Chernobyl incident (Bonisoli-Alquati et al., 2010; Ichikawa et al., 1996; Møller et al., 2013; 
Slebos et al., 2004). After 2011, monitoring of radiocesium in organisms has been carried 
greatly by many researchers (Iwata et al., 2013; Minai et al., 2016; Takahara et al., 2015; 
Tateda et al., 2015). Unfortunately, studies about effect of radiocesium on genetic material 
are scarce to date.  Estimating mutation rate of aquatic organism in natural condition (in vivo) 
is important in determining the effect of radiation in wild organism. After 5 years of 
Fukushima NPP incident, this is the first attempt to estimate mutation rate in aquatic 
organism in area contaminated with radionuclides from Fukushima. So this study can be 
stepping stone and reference material in future study.   
 
Mitochondrial DNA and microsatellite markers are potential in observing new mutation due 
to radiation (Murphy et al., 2005; Slebos et al., 2004; Tsyusko et al., 2006; Wang et al., 2007). 
Mitochondrial DNA are more susceptible to ionizing radiation damage in comparison to 
nuclear DNA, make it a suitable marker to estimate radiocesium effect. Several effect of 
ionizing radiation onto mtDNA are “common deletion”, mismatches, large deletion and 
changes in mtDNA copy number (Kam and Banati, 2013).  D-loop is control region in 
mitochondrial DNA and considered to have high mutation rate (Xie et al., 2006). Cytb is 
coding region in mitochondrial DNA. It codes for protein subunit cytochrome C complex III 
(Baharum and Nurdalila, 2012; Valnot et al., 1999). Several mutations in cytochrome b has 
proven to impair respiratory function (Fisher and Meunier, 2001; Hayashi et al., 2015) and 
growth traits (Chen et al., 2009). Both region, used in species identification, parentage 
assessment and study of  phylogeogpraphy (Nakadate et al., 2011; Oohara et al., 1997; Yu et 
al., 2010).   
 
Direct sequencing method was applied to cytb and dloop region of diploid gynogeng yamame 
derived from 4 different maternal individual. Two maternal parents (PF9, PF23) were from 
Fukushima Inland Fisheries Station which were double haploid and never exposed to 
radiation. Another 2 maternal parent (M5, M6) were caught from Mano River during autumn 
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of 2014. Analysis of otolith (Chapter 4) showed that their ages were 2 years during captured. 
So, they are generation that hatched after Fukushima NPP incident and thus exposed to 
radiation that accumulated in food chain all of their life in wild. In previous chapter, the 
radiocesium content has been measured in wild maternal parent and captive maternal parent. 
M5 contain 476 Bq/kg of Cs-137 whilst M6 possess 149 Bq/kg. Both captive maternal parent 
(PF9 and PF23) showed zero contamination of radiocesium and no mutation in their meiotic 
gynogen in both regions.  
 
In this study, the finding indicates that 5 point mutations in Cytb to occur in eggs from wild 
maternal parent of M5 and M6. No mutation observed in neither control larvae nor samples 
from captive maternal parent (PF9, PF23). The point mutation caused amino acid substitution 
(ie Ala > Thr) or just synonymous mutation. Peculiar occurrence is the similarity of bases 
where the mutations in cytb region of M5 and M6 mitotic gynogen. Since mutation is 
expected to be random, the occurrence of mutations in similar bases in cytb region might be 
due to certain regions in Cytb are sensitive to external stress. In natural condition, non-
synonymous mutation and accumulation deletion occur in mitochondrial DNA due to 
environmental changes (Shirai et al., 2014). Another possibility of mutation in similar bases 
between M5 and M6 groups are haplotype variation. In base 697, M5 individuals have 
mutation from Guanine to Adenine while in M6, is vice versa. This indicates mutation in base 
697 more to be haplotype variation between M5 and M6 maternal parent.  
 
The overall mutation rate estimation is high in Cytb compared to D-loop and many mutations 
occurred in M5 family than in M6. Point mutation or single-nucleotide mutations showed 
synonymous in base 324 of Cytb while the other non-synonymous. Other studies in other 
species showed more complex mutation such as deletion, insertion, transition, transversion 
and deletion of a region (Dubrova, 2005).   
 
Wild maternal parent, which body contain radiocesium and exposed to radiation will affect 
the genetic material in oogenesis of eggs. Radiocesium contamination yamame maternal 
individual can be pass down to eggs (Yamamoto et al., 2015) and this might be the cause of 




Gynogenesis can be a good tool in producing viable homozygous eggs. In addition, 
gynogenesis remove lethal genes as homozygous individual with lethal gene will not survive 
and only non-lethal mutation will be carried by survived. Gynogenesis has been proven as 
suitable method in assisting identifying maternal-effect mutation in fish and amphibian 
(Khokha et al., 2009; Noramly et al., 2005; Pelegri et al., 2004).  In this study, gynogenesis 
approach was used to eliminate lethal mutation. It is expected to have mutation in eggs that 
stop development at early stage.  Evidence of mutation occurred in cytb of larvae from wild 
yamame is might be synonymous mutation and not affected any morphological function.  
 
In previous chapter (Chapter 4), microsatellite mutations were observed in normal larvae of 
yamame from wild broodstock that are contaminated with radiocesium. Microsatellite 
mutation in natural has been studied common carp and pink salmon using showed high value 
(9.1 x 10
-3
, 8.5 x 10
-3
).  In contrast to microsatellite markers, understanding mutation rate of 
mtDNA in masu salmon are tricky because the frequency of reverse mutations are high in 
correlation to high nucleotide mutation (Oleinik, 2000). Previous study on mutation rate and 
divergence level of salmonid, found that rates of mtDNA mutation to be low, at 0.75% per 
million years (Oleinik, 2000) but he assume that it should be higher. In this study, no 
mutation observed in all larvae from captive yamame, and can be assuming that mutations 
observed in this study are due to radiocesium effect in eggs. Another consideration in 
evaluation mutation using mitochondrial DNA is to differentiate between random mutation 
and haplotype variation.  
 
However, since no observation of morphology and phenotype in larvae was done, no strong 
evidence to expect that radiocesium contamination in eggs caused morphological changes in 
yamame offsprings. In conclusions, two suggestions for further study are to utilize 
microsatellite marker to assist estimation of mutation rate and monitoring the morphological 
changes of yamame progeny during growth.   
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CHAPTER 6 BLOOD CHARACTERISTICS OF YAMAME FEED WITH 50 000Bq/kg 
RADIOCESIUM 
6.1 Introduction  
 
The massive explosion of FNPP caused widespread distribution of radiocesium to all over the 
world (Kumamoto et al., 2015; Ramzaev et al., 2013; Suseno et al., 2015). Wide distribution 
of radiocesium led to constant monitoring of radiocesium in radiocesium to better 
understanding information about level of radiocesium contamination in that particular area. 
Radiocesium as been monitored in trees in Fukushima prefecture (Kuroda et al., 2013; 
Yoshihara et al., 2013), soil (Malins et al., 2016; Yang et al., 2016), water bodies (Ambe et 
al., 2014; Iwagami et al., 2015; Murakami et al., 2016) and fishes (Shigenobu et al., 2014; 
Yamamoto et al., 2015; Yoshimura and Yokoduka, 2014b). 
 
In fishes, radiocesium have proven to accumulate in muscle of aquatic organisms mainly 
from food intake. Experimental study in contaminated area further showed that direct intake 
from water via skin, gut or gills has no major direct impacts accumulation of radiocesium in 
muscle tissue of yamame (Yamamoto et al., 2015).  
 
Blood exhibits signs of alteration in its properties if any stress occurred inside body 
(Lajmanovich et al., 2014). Contamination of heavy metal in water system caused reducing 
erythrocytes performance and viability (Harabawy and Mosleh, 2014). Blood also sensitive to 
radiation whereas exposure to long term can cause immunodeficiency, chromosomal 
aberration, haemoglobin (hgb) drop and health risk (Han et al., 2014; Heylmann et al., 2014; 
Lavey and Hilton Dempsey, 1993). Low dose radiation has known to cause several effects in 
animal blood (El-Shanshoury et al., 2016), this is much higher risk to animal that lives close 
to nuclear area   (Abramsson-Zetterberg et al., 1997; Ilyinskikh et al., 1998). In fishes, 
exposure to radiation has caused abnormalities in micronuclei and erythrocytes (Anbumani 
and Mohankumar, 2012). Thus, it is important to understand the effect of radiocesium 
contamination in towards blood of contaminated fishes in Fukushima.  
 
In better understanding of treatment effect, individual variation should be reduced(Alexander 
et al., 2015; Valdés et al., 2016; Webber and Thorson, 2016). Variation between individuals 
due to genetic factor such as disease resistant and immune system can be standardized by 
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utilizing clonal individual (Taniguchi et al., 1996). Clonal lines can be developed by 
manipulating gynogenesis  (Bertotto et al., 2005; Kobayashi et al., 1994; Komen and 
Thorgaard, 2007).  Clonal lines in salmon has helped researchers in better understanding the 
effect of biochemistry and immunology  (Heredia-Middleton et al., 2008; Urabe et al., 2011) 
 
The objective in this study is to observe haematological changes in yamame clones after fed 





6.2 Materials and Methods  
6.2.1 Samples Rearing 
 
30 samples of clonal line yamame (15.5±1.72 cm, 46.6± 14.5g) were collected from 
Fukushima Inland Fisheries to be used in this study. Samples were divided into two groups 
(15 individuals each), Control and Treatment. Both groups were transferred into 90 cm x 
44cm x 42 cm aquarium with 166 Lwater volumes for each. 
 
Control group were given control fish pellet while treatment group were given fish pellet 
containing Cs-137 50 000bq/kg using autofeeder. For the first two month, pellet were given 
9g/day /aquarium  and changed to 15g/day in month 3. 
  
6.2.2 Hematological analysis 
 
Several fish from each tank were collected from each group at day 0, 40, and 130 (D0, 
D40,D130). Blood samples were collected by caudal puncture using heparin-treated syringes. 
Blood were diluted using Sysmex AD-270 and measured using Hematology Analyzer 
Sysmex F-820.  Hematocrit (HCT), red blood cell counting (RBC), Hemoglobin (HGB), 
Mean Corpuscular Volume (MCV),  Medium Corpuscular Hemoglobin Concentration 




Test for normality was performed and the result obtained for all parameters were compared 






A total of 18 individuals were analysed (12 controls, 6 treatments). Growth development of 
control and treatment individuals were recorded (Table 6.1). After 130 days of rearing in 
aquarium, both control and treatment individuals showed increasing in body length (SL) and 
weight (BW).   
 
Previously, samples were taken on D40 and D130 but due to small number of sampling, no 
significant differences between D40 and D130. Thus, these two groups were joined together 
and comparison between control group and treatment group were made. The haematological 
analysis of yamame  from control showed significantly higher numbers of haemoglobin, 
haematocrit and MCV in comparison to yamame treated with 50 000bq/kg  (p<0.05).  
However the values of erythrocytes, MCH and MCHC were not significant between two 
groups (Table 6.2). 
 
Table 6.1 Mean of standard length (SL) and body weight  (BW) of control and treatment 
individual yamame. 
    SL (cm) BW (g) 
0 days control 15.5 46.6 
40days control 17 69.7 
 
treatment 15.5 47.1 
130 days control 17.4 61.7 
 treatment 18.3 73.6 
 
 
Table 6.2 Effect of 50 000bq/kg radiocesium intake on hematological variables in yamame O. 
masou on 0 day and 40 days pooled with 130 days. The mean concentrations denoted with 
different letters within same exposure period are statistically different (p < 0.05) 











(pg) MCHC (g/dl) 
0 days control 1186000 10.34 19.2 163.2 93.0 56.9 
40days + control 1061428 7.2 17.67 166.6 68.1 36 
















Figure 6.1 Hematological charateristics of yamame from control and treatment: (A) RBC 
and HGB, (B) HCT, and (C) MCV, MCH, MCHC. Small c denoted to control, small t 























































Contamination of radiocesium in  fish is an ongoing process  and accumulated in fish via 
food chain (Yamamoto et al., 2015) and less likely due to water contamination. The major 
obstacle in this experiment is to maintain yamame in aquarium condition. Yamame is known 
to be sensitive to water quality and density changes. Low quality of water and competition in 
gaining space will result in stress and death. In wild, yamame prefers low water temperature 
with covered area(Inoue and Nakano, 1998; Inoue et al., 1997). Over the time, increase in 
size cause fight among individuals and lead to sudden death by jumping out from aquarium. 
This caused small number of sampling in this study. 
 
Radiocesium intakes in fishes are correlated with body size during intake. Adult fish had 
relatively high radiocesium concentrations if they started radiocesium intake at adult stage 
(Yamamoto et al., 2015).  Continuous intake of radiocesium-contaminated food and low rate 
of metabolism are factors that contribute for radiocesium to retain in the body. Young and 
juvenile fish have higher metabolism rate and ability to grow bigger, resulting in diluting the 
radiocesium concentration in the body.(Tsuboi et al., 2015; Yamamoto et al., 2015). Clonal 
line of yamame in this study was produced from meiotic gynogen of yamame on autumn of 
2015.  They are juveniles with age less than 1 year prior experiment and fed with fish pellets 
that contain 50 000bq/kg concentrations for 3 months. Within 130 days of experiment, the 
body weight of control and treatment individual fish were gained and constantly fed with 
radiocesium-contaminated pellets. Although body mass increased but constant intake of high 
concentration of radiocesium daily caused unable to dilute the concentration in body mass. 
This gives the treatment individuals constant stress on their body.  
 
In freshwater fishes, blood characteristics are best biomarker  in assessment of pollution in 
ecology (Praveen Kumar et al., 2015) . Thus, it is best to represent the effect of radiocesium 
contamination in yamame on haematology. In this study, in vitro approach was used in which 
yamame were kept in aquarium tank and given radiocesium-contaminated food. In vitro 
remove other external effect that may cause changes in result such as variation in food 
availability, and changes of radiocesium concentration in food. Significant decrease of 
haemoglobin in RBC was observed in treatment individuals during 40 days after treatment 
and 130 days after treatment. This findings correlate with other studies focusing in effect of 
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radiocesium (Anbumani and Mohankumar, 2012; Ilyinskikh et al., 1998). RBC counting did 
not significantly reduce at D40 but significant after D130.  Long term exposure to stress 
(radiocesium) in this study might cause apoptosis and morphological changes in RBC and 
haemoglobin, directly reduce the effectiveness oxygen transport for fish metabolism. Stress 
in haemoglobin might cause loss of affinity towards oxygen binding and further reduce the 
RBC function (Vinodhini and Narayanan, 2008).   
 
The values of HCT and MCV were significantly low in treatment individuals. MCV denoted 
to the size of red blood cells, thus reduction in MCV caused microcytic anemia. Apart caused 
significant drop in haemoglobin count, radioactive materials also contributed to DNA damage 
and genotoxicity in freshwater fish (Praveen Kumar et al., 2015). This study revealed the 
effect of high concentration of radiocesium intake via food on haematological parameters in 
yamame. It can be basis in understanding detail effect of radiocesium contamination in 





CHAPTER 7 CONCLUSION AND RECOMMENDATION ON RADIOCESIUM 
MONITORING IN YAMAME 
 
The need to evaluate radiocesium effect on organisms health has raised after several studies 
showed hazard effect towards human health. Yamame (O. masou) is landlocked masu salmon 
in which this type of masu salmon are exposed to long term radiocesium contamination in 
Fukushima Rivers. This study has covered several areas is population genetic structure, 
mitochondrial DNA mutation, breeding performance and blood characteristics of yamame 
after exposed to radiocesium. 
 
Anthropogenic factor can be direct and indirect factor towards stability of population genetic 
structure (Portugal et al., 2016; Sun et al., 2016). In this study, evacuation from contaminated 
area in Fukushima gives yamame population to thrive without interaction of human activites. 
Evaluation using microsatellite markers showed that although each river population are 
genetically different, but no increase or decrease in genetic diversity in these populations in 
comparisons to other population in other regions. Previous study in Hokkaido suggested 
subpopulation structure in each river branch. It is best to monitor how the population 
structure of these four rivers after human activities resumes in that area with sampling from 
each river branches and treated as separated population. 
 
Radiocesium contamination in animal has proven to effect on gametogenesis. In this study, 
we try to evaluation breeding performance in contaminated yamame from Fukushima River 
(Mano River). Gynogenesis approach was used in yamame to yield mitotic homozygous eggs. 
Diploid homozygous allow lethal allele to be expressed and caused the eggs to stop 
development. However, the nature of hydrostatic pressure in gynogenesis resulted in low 
yield of hatch and swim up juveniles. Thus, low percentage of hatching rate, swim-up rate 
and normal rate in mitotic gynogen juvenile are not caused by radiocesium contamination in 
their maternal parent. Morphological examination was not performed due to technical factor 
thus limit the knowledge about morphological development in mitotic gynogen juveniles. In 
further study, it is best to design longer observation of egg development and larvae growth to 




Mitotic gynogen samples also used in evaluating mutation rate using mitochondrial DNA 
markers.  Both Cytb region and D-loop region in mitotic gynogen from wild parent and 
control parent were sequenced and compared with their maternal parent. Any changes in 
bases were considered point mutation.  Point mutations were observed in both regions in 
mitotic gynogen from wild parent from Mano River.  However, some point mutations occur 
in the similar bases indicating either haplotype variation or specific point mutation. A further 
study could assess mutation rate by utilizing microsatellite markers for these samples. 
 
Blood characteristics have proven as biomarker in assessment of radiocesium. Result showed 
significant difference in haemoglobin and haematocrit volume in yamame after fed with high 
concentrated radiocesium.  Considerably, more work will need to be done in determining 
effect of radiocesium towards hematology in larger sample size. It best if detail study can be 
performed in natural and in vitro condition to better understand  effect of radiocesium on 
blood chracteristics. 
 
Overall, the results gave basic overview of radiocesium effect in yamame.  This study has 
completed its objectives in determining the population structure of yamame and effect of 
radiocesium in genetic of yamame by utilising molecular marker and gynogenesis. In general, 
after 5 years of seclusion and expose to radiocesium contamination, the yamame population 
did not encounter population decline or gain although no interaction with anthropogenic 
activities.  Although radiocesium was detected in maternal parent, no significant repercussion 
in hatching rate, swim up rate and normal rate.  Mutations were observed in next generation 
of wild yamame but the point mutation were synonymous or haplotypic variation with no 
significant changes in phenotypic function. However, experiment on hematology of yamame 
fed with 50 000bq/kg radiocesium Cs-137 give insight about how hematology as potential 
biomarker in radioactive pollution assessment. Future research is required focusing on 
additional molecular markers and larger sample size to get bigger picture on effect of 
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